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Photosynthetic Electron Flow Regulates Transcription of thepsaBGene in Pea
(Pisum sativumL.) Chloroplasts Through the Redox State of the Plastoquinone
Pool

Anna Tullberg 1, Krassimir Alexciev 2, Thomas Pfannschmidt3 and John F. Allen 2, 4

Plant Cell Biology, Lund University, Box 7007, S-220 07 Lund, Sweden

;
Plants respond to changing light conditions by altering

the stoichiometry between components of the photosynthetic
electron transport chain of chloroplast thylakoids. We mea-
sured specific run-on transcription of the chloroplast genes
psaB, psbA and rbcL in pea (Pisum sativumL.) seedlings
grown under three different conditions of illumination: light
selective for photosystem I (PSI-light); light selective for pho-
tosystem II (PSII-light); and a combination of PSI- and PSII-
light (mixed light, ML). The transcriptional rate of the psaB
gene increased under PSII-light and decreased under PSI-
light, while the transcriptional rates of the psbA and rbcL
genes were affected only in a non-specific way. Similar effects
also occurred in plants grown under ML and switched to ei-
ther PSI- or PSII-light for 4 h. Addition of the inhibitors of
photosynthetic electron transport 3-(3,4 dichlorophenyl)-1,1-
dimethylurea (DCMU) and 2,5-dibromo-3-methyl-6-isopro-
pyl-p-benzoquinone (DBMIB) influencedpsaB transcription
in isolated, illuminated chloroplasts: DCMU addition result-
ed in oxidation of the plastoquinone pool and decreased tran-
scription of psaB; DBMIB addition resulted in reduction of
the plastoquinone pool and increased transcription ofpsaB.
The experimental results obtained in vivo and in vitro pro-
vide evidence for coupling between the redox state of plasto-
quinone and the rate of transcription of thepsaBgene in pea.

Key words: Chloroplast — Photosynthesis —Pisum sativum
L. — Plastoquinone — Redox — Transcription.

Abbreviations: CP47, chlorophyll-binding protein of 47 kDa rel-
ative moleular mass; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-
benzoquinone; D1, reaction centre protein of PSII (psaB gene
product); Fo, chlorophyll fluorescence emission when all PSII traps for
excitation energy are open; Fm, chlorophyll fluorescence emission
when all PSII traps for excitation energy are closed; Ft, chlorophyll
fluorescence emission at timet; LHCII, light-harvesting pigment-
protein complex of PS II; PSI-light, light absorbed by PSI more than
by PSII; PSII-light, light absorbed by PSII more than by PSI; PQ, plas-
toquinone; ML, mixed light (PSI-light and PSII-light together);
Rubisco, ribulose-1,5-bisphosphate carboxylase-oxygenase; QA, pri-
mary plastoquinone electron acceptor of PSII; WL, white light.

Introduction

Plants and other photosynthetic organisms respond
changing light conditions in their natural habitats. At low ligh
intensities, such responses tend to optimise photosynthetic e
ciency, and they accomplish this by balancing the activities
components of their electron transport chains. Changes in li
quality result in adjustment of photosystem stoichiomet
(Chow et al. 1990, Kim et al. 1993, Murakami and Fujita 199
Melis et al. 1996, Pfannschmidt et al. 1999a). Changes in lig
quality also affect the degree of oxidation-reduction of comp
nents in the electron transport chain, and changes of this na
are known to influence gene expression at various levels. R
dox control of gene expression is thought to occur in eukaryo
ic green algae such asDunaliella sp., where the expression of
the nuclearcab genes coding for light harvesting complex I
species (LHCIIs) is regulated by the redox state of an intersy
tem component (Maxwell et al. 1995), or more specifically b
the redox state of the plastoquinone pool (PQ-pool) (Escoub
et al. 1995). Redox regulation of chloroplast gene express
has been demonstrated to occur at the post-transcriptional
el. In isolated pea chloroplasts, the stability ofpetB mRNA,
coding for the cytb6 protein, is controlled in vitro by redox
poise (Alexciev and Tullberg 1997). Under oxidising cond
tions, the amounts ofpetB-containing message drastically de
crease compared to control levels while reducing conditio
leave thepetBmRNA levels unchanged. Regulation of chloro
plast gene expression by photosynthetic electron transport m
be particularly important forpsbA, the gene encoding the D1
reaction centre protein of photosystem II (PSII). In the unice
lular green alga,Chlamydomonas reinhardtii, redox-dependent
mechanisms affect both the splicing ofpsbA pre-mRNAs
(Deshpande et al. 1997) and the translation of the maturepsbA
mRNA (Danon and Mayfield 1994, Kim and Mayfield 1997).

The expression of the majority of plant chloroplast-enco
ed genes has been thought to be controlled predominantly
the post-transcriptional and translational levels (Gruissem et
1988, Mullet 1988, Gruissem 1989, Link 1996, Stern et a
1997), although transcriptional control is not excluded (Mulle
and Klein 1987, Klein and Mullet 1990, Schrubar et al. 1990).
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One proposal for the function of chloroplast genomes is
that they contain genes whose expression must be controlled by
the redox state of electron carriers with which their gene prod-
ucts interact (Allen 1993a, Allen 1993b). Here we show that
there is a direct link between photosynthetic electron flow and
gene-specific control of transcription in pea chloroplasts. We
have used both in vivo and in vitro experiments to show that
photosynthetic electron flow regulates the transcription of the
psaBgene in pea. This gene is part of thepsaA/Boperon of the
chloroplast genome and codes for the photosystem I (PSI) reac-
tion centre protein PsaB. Our results indicate that the redox
state of the plastoquinone pool is the signal to which thepsaB
gene responds.

Materials and Methods

Plant material and growth conditions
Peas (Pisum sativumL. cv. Oregon sugar pod) were grown for

8 d at 20–22�C under different light conditions in a 16 h light/8 h dark
regimen. Fluorescent strips (F 30W/GRO, Sylvania, Germany) cov-
ered with orange filter of half-maximal transmission at 560 nm (orange
nr. 405, Strand Lighting, Isleworth, U.K.) supplied light stimulating
mainly photosystem II (PSII-light). Light absorbed mainly by photo-
system I (PSI-light) was produced by incandescent light bulbs (40 W)
covered with red filter of half-maximal transmission at 650 nm (medi-
um red 027, LEE Filters, Andover, U.K.). A combination of both light-
sources provided “mixed light” (ML) illumination, used as a reference
light (Deng et al. 1989). The spectral characteristics of the different
light-sources were measured with a spectroradiometer (model 754-O-
PMT, Optronic Laboratories inc., Orlando, FL, U.S.A.). Photon flux
density of the PSII-light was maximally 11.02�E m–2 s–1 as measured
with a LI-COR LI-189 photometer (Lambda Instruments, Lincoln, NE,
U.S.A.), and that of the PSI light source was 9.15�E m–2 s–1. A neu-
tral density metal grid filter was used to reduce the photon flux densi-
ty of the ML illumination to 9.40�E m–2 s–1.

Plants were grown under these three light conditions and used for
chloroplast preparation. To prevent any variations in the data due to
circadian periods (Millar et al. 1995, Oelmüller et al. 1995), leaves
were harvested exactly 4 h after the dark period or at different time-
points thereafter in the case of the light-switch experiments.

Chloroplast isolation
Chloroplast isolation was based on the method of Walker (1971)

using modifications previously described (Harrison and Allen 1992,
Alexciev and Tullberg 1997). Chloroplast intactness was routinely
monitored in the phase-contrast microscope, and chlorophyll content
was measured according to Porra et al. (1989). Plastid number was de-
termined by counting in a hemocytometer.

Fluorescence measurements
The response of ML-grown peas switched to either PSI- or PSII-

light was monitored by fluorescence measurements using a PAM 101/
103 Walz-apparatus (Heinz Walz GmbH, Effeltrich, Germany) (Sch-
reiber et al. 1986). Four single leaves were exposed to saturating, ac-
tinic pulses of 1 s duration from a quartz-halogen light source. The re-
sponse was recorded at a rate of 1 actinic pulse per min for 4 h. The
magnitude, y, of the change in amplitude of the fluorescence signal
upon addition of the actinic flash is given by:y = 1� (Fm�Ft) / (Fm�Fo).

Since saturating light completely reduces the plastoquinone pool
for the duration of the pulse, y is a measure of the state of oxidation of

the PQ-pool before the flash. The amplitude of the fluorescence tr
of the WL-grown plants before the light-switch was used as referenc

Oxygen electrode measurements
Oxygen electrode measurements were carried out using a R

Bros. electrode (Rank Brothers Ltd., Cambridge, U.K.) with a 1 ml r
action vessel. Measurements were carried out using chloroplasts c
taining 50�g chlorophyll in a total volume of 500�l. Chloroplasts
were made to perform CO2-dependent oxygen evolution by the pres
ence of 10 mM NaHCO3, 5 mM Na4P2O7 and 1 mM ATP (Allen and
Bennett 1981) in 500�l total volume. Titrations were performed with
the inhibitors of electron transport 3-(3,4 dichlorophenyl)-1,1-dimet
ylurea (DCMU) and 2,5-dibromo-3-methyl-6-isopropyl-p-benzoqui-
none (DBMIB). Both compounds were purchased from Sigma (Sigm
Chemical Company, St. Louis, MO, U.S.A.). 100�l chloroplast
suspension containing 50�g chlorophyll were pre-incubated on ice for
10 min in the presence of increasing concentrations of DCMU (0.12
0.6, 1.0, 1.3 or 2.0�M) or DBMIB (0.1, 0.5, 1.0 or 5.0�M) before
being added to 400�l of reaction medium (grinding medium supple-
mented with 10 mM NaHCO3, 5 mM Na4P2O7 and 1 mM ATP) in the
electrode cuvette, thus giving a 1 : 4 dilution of chloroplasts an
inhibitors. Final ethanol concentrations in the pre-incubations did n
exceed 0.25%, except in the case of 5�M DBMIB, where the final
ethanol concentration was 0.5%. As a control for these measureme
we used chloroplasts pretreated with the respective final concentra
of ethanol. Light was provided by a slide projector fitted with a Philip
5E light bulb placed 5 cm away from the cuvette. The resulting oxyg
evolution curves were recorded both onto a Macintosh computer vi
Mac-Lab unit (MacLab/4e, AD Instruments Ltd., Hastings, U.K.) wit
Chart 3.3.5 software and onto an analogue chart recorder.

Plasmids and slot-blot filters
The following pBluescript plasmids containing barley chloro

plast genes were used in our experiments: pBB22 (containingpsaB),
pBHE319 (psbA), pBPH134 (rbcL), and pBSS24 (16S rDNA).

The equivalent of 1 pmol of insert was blotted onto Biodyne
transfer membranes (Biosupport Division Pall Process Filtration, Po
smouth, U.K.) in a BIO-DOT SF slot-blot apparatus (Bio-Rad Labor
tories, Hercules, CA, U.S.A.); 1 pmol of pBluescript was used as
negative control and for background correction of the hybridisatio
signals; 3.5�g wheat germ tRNA (Sigma) was included to serve as a
additional negative control for the hybridisation.

Run-on transcription experiments
Run-on chloroplast transcription was measured essentially as

scribed for barley (Mullet and Klein 1987) and for spinach (Deng an
Gruissem 1987) with minor modifications. All reactions were pe
formed in a total volume of 100�l with chloroplasts containing 10�g
chlorophyll. For adaptation and light-switch experiments, 20�l of
chloroplast suspension were lysed under a dim green safe light
480 nm wavelength (green acetate foil No. 17632, Oskar Vangero
Munich, Germany) in 55�l H2O prewarmed to 25�C and containing
0.5 mg ml–1 heparin. A reaction mixture (25�l) was added such that
the final concentrations in 100�l assays were 30 mM KCl, 10 mM
MgCl2, 50 mM K-HEPES (pH 8.0), 125�M each of ATP, CTP and
GTP, 10 �M UTP and 100�Ci of [�-32P]UTP (specific activity
800 Ci mmol–1: Amersham International plc, Little Chalfont, U.K.).
Transcription was allowed to proceed for 5 min at 25�C. The reaction
was stopped by addition of 35�l “stop-buffer” containing 200 mM
Tris-Cl pH 8.5, 300 mM NaCl, 2 mM EDTA and 1% SDS. Sample
were extracted with 1 vol. Phenol : chloroform (1 : 1, v/v), the orga
ic phase was washed with 0.5 vol. TE-buffer (10 mM Tris-Cl pH 7.0
1 mM EDTA), and the pooled aqueous phases were extracted o
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with 1 vol. pure chloroform. Samples were precipitated overnight at
4�C with 1 vol. 5 M ammonium acetate and 2.5 vol. isopropanol; total
nucleic acids were then pelleted at 16,000�g in a bench-top Eppendorf
centrifuge and washed with 70% ethanol. The dried pellets were resus-
pended in DNase buffer (40 mM Tris-Cl pH 7.9, 10 mM NaCl, 6 mM
MgCl2 and 10 mM KCl) and treated with RNase-free DNase (Prome-
ga, Madison, WI, U.S.A.) for 20 min at 37�C. Suspensions were stored
at 4�C until needed for hybridisation.

For inhibitor experiments, 20�l chloroplasts were preincubated
on ice for 10 min with 10% ethanol (as a control), or with equal vol-
umes of 10% ethanol containing DCMU (giving final concentrations
of 0.6, 1.0 and 2.0�M) or DBMIB (giving final concentrations of 0.1,
1.0 and 5.0�M). The final ethanol concentration per sample did not
exceed 0.25% (0.5% in the case of the highest DBMIB concentration).
The same quantity of inhibitor per�g chlorophyll was used in the run-
on experiments as in the oxygen evolution experiments. Thereafter,
chloroplasts were made to perform CO2-dependent oxygen evolution
by addition of 10 mM NaHCO3, 5 mM Na4P2O7 and 1 mM ATP prior
to illumination for 7 min as described previously. Chloroplasts were
then lysed and further subjected to run-on assays as described above.
As in the oxygen electrode experiments, the additions made to the
chloroplast suspension produced a 1 : 4 dilution of the chloroplasts and
the inhibitors.

TCA-precipitations were carried out to determine total transcrip-
tional activity and transcript abundance. Equal amounts (c.p.m.) of la-
belled transcripts were hybridised to each filter. All solutions used for
RNA-work were pretreated with 0.1% diethyl pyrocarbonate.

Nucleic acid hybridisations
Hybridisations were performed in 50 ml Sarstedt (Sarstedt, Nüm-

brecht, Germany) tubes in 5 ml hybridisation buffer (50% formamide,
3� SSC (1� SSC = NaCl 0.3 M, Na-citrate 0.03 M), 5� Denhardt’s so-
lution (1� Denhardt’s = 0.02% polyvinylpyrrolidone, 0.02% Ficoll
400, 0.02% bovine serum albumin), 0.08% SDS, 10�g ml–1 dena-
tured salmon sperm DNA). Prehybridisation was carried out for a min-
imum of 2 h at 45�C before addition of the run-on generated tran-
scripts. Filters were hybridised for 16–20 h at 45�C, and then washed
twice in 2� SSC/0.1% SDS for 5 min each time, then twice in 0.2�

SSC/0.1% SDS for 15 min each time. Whenever required, additional
washes in 0.1� SSC/0.1% SDS were carried out to reduce the back-
ground. All post-hybridisation washes were performed at 45�C. Fol-
lowing washing, filters were briefly dried, wrapped in plastic foil, and
exposed in PhosphorImage cassettes (Molecular Dynamics, Sunny-
vale, CA, U.S.A.). The resulting signals were quantified using Image-
Quant software. Additional exposures were made using X-ray film
(Hyperfilm-MP, Amersham), after which the bands were excised and
the hybridisation signals again quantified using a scintillation counter
(type LS 6000IC, Beckman Instruments, Fullerton, CA, U.S.A.).

Southern blot analysis of total DNA isolated from pea plants
grown under the different light regimens and from plants subjected to
a 4 h light-switch was carried out as described earlier (Deng and Grui-
ssem 1987).

Results

Effects of light quality on the transcription of chloroplast-
encoded photosynthesis genes

The quality and intensity of growth lights were chosen
such that they favoured excitation of predominantly either pho-
tosystem I (PSI-light; Fig. 1a), or photosystem II (PSII-light;

Fig. 1b). The light sources used produced functional light
and light-2 as shown by PQ-reduction-oxidation studie
(Pfannschmidt et al. 1999b). Control plants received mixe
light (ML) from both light sources (Fig. 1c), which is absorbe
by both photosystems (Deng et al. 1989). Plants grown und
ML or PSII-light show essentially the same leaf chlorophylla/b
ratio, while plants subjected to PSI-light illumination exhibit
decreased chlorophylla/b ratio (Table 1).

Pea plants were grown under lights of different spectr
qualities for 8 d. We compared the transcriptional rates of se
eral chloroplast-encoded photosynthesis genes after adapta
of the plants to the different light regimens. In order to mea
ure the transcriptional activity of pea plastids, we adapted t
chloroplast run-on assays developed for barley (Mullet a
Klein 1987), and for spinach (Deng and Gruissem 1987). Tra
scriptional run-on experiments were carried out on the basis
equal amounts of chlorophyll. The results for the gene-speci
transcription are shown in Fig. 2. The gene probes used in
slot-blot hybridisation were directed towards psaB, coding f
the PSI reaction centre protein PsaB; psbA, coding for the D
reaction centre protein of PSII; and rbcL, coding for the larg
subunit of ribulose-1,5-bisphosphate carboxylase oxygen

Fig. 1 Emission spectra of the light sources used. (a) PSI-light; (
PSII-light and (c) mixed light (ML), control.
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(Rubisco). We also monitored the transcriptional rate of the
gene for 16S rRNA as a representative of constitutively ex-
pressed genes of the chloroplast genetic machinery (Glick et al.
1986), and used it as an internal standard for quantification.
Within the linear range of the hybridisation signal, psaB was
the only gene analysed which exhibited opposing trends in
transcriptional rates depending on light quality (Fig. 2b). In
PSI-light grown plants, the transcriptional rate of the psaB gene
was decreased by 45% of the value of the control, the corre-
sponding transcriptional rate for ML-grown plants. When
plants were grown under PSII-light, the relative transcriptional
rate of psaB was increased by 119% of the value of the same
control (Fig. 2b). In contrast with these results for psaB, the
transcriptional rates for psbA were increased under both light
regimens: by 12% under PSI-light, and 25% under PSII-light.
Similar results were obtained for the transcriptional rates of the
rbcL gene, which also increased under both light sources rela-
tive to ML values—by 16% under PSI-light, and 36% under
PSII-light.

During the short incubation time of 5 min in our run-on
assays, the steady-state levels of mRNA do not change signifi-
cantly as a result of changed stability of the messages. In high-
er plant chloroplasts, the half-life of most mRNA species is in
the range of h (Klaff and Gruissem 1991). We therefore had to
make sure that the differences observed in the transcriptional
rates of specific genes did not result from changed gene dos-
age of the template and/or changed overall transcriptional rates.
Total DNA was isolated from pea plants grown under the dif-
ferent light qualities (PSI-light, PSII-light and ML) and also
from plants whose light regimen had been changed (ML to
PSI-light; ML to PSII-light) 4 h previously. Total DNA digest-
ed with EcoRI was analysed by Southern blotting, and no dis-
cernible differences in DNA quantities were detected (data not
shown). This finding eliminates the possibility that the varia-
tions in the transcriptional rate of the psaB gene result from
changed amounts of the DNA template. Alternatively, the alter-
ations in transcriptional rates might result from non-specific
changes in overall transcriptional activity. We analysed the in-
corporation of radioactive precursors into RNA by measuring
the TCA-precipitable radioactivity of the run-on transcripts
from isolated pea chloroplasts. The results presented in Table 1

show a decrease in total transcriptional activity in seedlin
grown under PSI- or PSII-light, compared to the ML-contro
This indicates that the variations in psaB transcription detect
during adaptation to varying light regimens are specific and
not reflect a general trend of altered gene expression. This c
clusion is also consistent with the relatively constant quant
of 16S rRNA seen in Fig. 2a.

Modulation of electron transport by changing light quality
Variations in light quality are accompanied by changes

the relative rates of electron transfer through the two photos
tems. A key mediator in this process is the PQ-pool whic
transfers electrons from PSII to the cytb6/f complex. PSI oxi-
dises PQ while PSII reduces it. We followed relative changes
oxidation-reduction of the PQ-pool by measuring the change
the amplitude of chlorophyll fluorescence emission by the sa
ple leaf during a period of 4 h after light-switch from ML to ei-
ther PSI- or PSII-light (Fig. 3). Transition from ML to PSI-light
produced a 7% oxidation of the PQ-pool in a 40 min perio
compared to ML control plants. This degree of oxidation wa
maintained for an hour, then declined to 5% after 4 h. Th
opposite effect, with more rapid kinetics, was observed wh
plants grown under ML were switched to PSII-light: a max
mum of 10% reduction of the PQ-pool was reached aft
30 min. The pool is re-oxidised over time, but is still 5% mor
reduced than in the control plants after 4 h.

Having established that the redox state of the PQ-pool w
affected by the light-switches, we examined whether the
events influenced chloroplast transcription by performing ru
on experiments on chloroplasts isolated from pea plants s
jected to both kinds of light-switch. The plants switched t
PSI-light were analysed after 40 min (corresponding to max
mal oxidation of the PQ-pool as shown in Fig. 3) and 4 h
Measurement of the relative transcriptional rates (Fig. 4a)
vealed an increase in transcription of the three genes 40 min
ter the plants were moved from ML to PSI-light (psaB: +16%,
psbA: +39% andrbcL: +7%). After 4 h under the new light reg-
imen, only the transcriptional rate of thepsaB gene had de-
creased, by 20%, compared to the level of control plants (F
4b). Although thepsbA gene also exhibits a decreased tran

Table 1 Changesin chlorophyll and transcriptional activity in pea plants grownin different
light qualities.

a Calculated according to Porra et al. (1989). The values are the means (��SE) of 4–7 independent experi-
ments.
b Measured as incorporation of [�-32P]UTP into RNA, pmol/ 5�106 plastids/5 min. The values, in relative
units to ML, represent the mean of two independent measurements.

Chl a/b a Chlorophyll content per plastid (ng) Total transcriptional activityb

PSI-light 2.91 (�0.06) 2.32 0.75
Mixed light 3.02 (�0.03) 2.32 1.0
PSII-light 3.04 (�0.05) 2.22 0.53
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scriptional rate after 4 h, this is still 25% higher than measured
in the control. Under these conditions, the transcriptional rate
of the rbcL gene remained virtually unchanged even after 4 h
of illumination with PSI-light.

For plants switched to PSII-light, chloroplasts were isolat-
ed after 30 min of illumination (corresponding to the maximal
reduction of the PQ-pool under our protocol, as seen in Fig. 3)
and after 4 h (Fig. 4c, d). Here again, on a short time-scale
(30 min after the light-switch) the plastids respond non-specifi-
cally by decreasing the total transcriptional activity, as com-
pared with ML-plants, thus the transcriptional rates of all three
genes decrease (psaB: �20%, psbA: �13% andrbcL: �43%)
(Fig. 4c). The run-on assays after 4 h show that the transcrip-
tional rate ofpsaB increases by 41% when compared to the

peas remaining under ML (Fig. 4d). The transcriptional rate
psbAalso increases after 4 h of PSII-light illumination, by 34%
compared to the ML-level. The transcriptional rate ofrbcL re-
mains low (�33% relative to the peas remaining in ML) eve
after illumination with PSII-light for 4 h (Fig. 4d).

In summary, the light-induced changes in the redox-sta
of the PQ-pool, as measured in vivo (Fig. 3), promote tw
opposing effects: changing the pool to a more oxidised sta
results in a general increase in transcriptional rates; conver
ly, a reduction of the pool causes a rapid decrease in transc
tional activity. When the plants have started adapting to t
new light-conditions after 4 h, the gene-specific effects b
come discernible. The transcriptional rates ofpsaBandpsbAin
plants subjected to 4 h light quality switch (Fig. 4b, d) chang
in the same direction as in plants grown under a single, pho
system-specific light (Fig. 2). The results forrbcL do not show
such an obvious correlation with the direction of change
transcriptional rate (Fig. 4d vs. Fig. 2b).

Effects of inhibitors of photosynthetic electron transport on th
expression of the psaB, psbA and rbcL genes in isolat
chloroplasts

By illuminating pea plants with light of different quali-
ties, we were able to create imbalances in electron flow in
non-invasive manner inside the pea chloroplasts, as measu
by changes in chlorophyll fluorescence emission (Fig. 3). T
complement our studies, we simulated the effects of differe
light qualities by reversible manipulation of the redox status
the PQ-pool in vitro. To this end, we used the site-specific ele
tron transport inhibitors DCMU, which binds to the QB-site of

Fig. 2 Transcriptional activity of chloroplast genes in pea seedlings
grown under different light regimens. Plants were grown for 8 d in
ML, PSI- or PSII-light; chloroplasts were isolated and transcriptional
rates analysed by run-on assays. (a) Run-on transcripts hybridised to
membrane-bound gene-specific probes. (b) Histogram of the results
from (a). Incorporation of [�-32P]UTP into the run-on transcripts
examined, as measured by the intensity of the signals, is expressed rel-
ative to the control incorporation in plastids isolated from ML-grown
plants (arbitrarily set to 1). All values were normalised to the internal
standard16S rRNA. Empty bars: plants grown under PSI-light; striped
bars: plants grown under PSII-light. The results are the mean��SE of
two independent experiments.

Fig. 3 Chlorophyll fluorescence emission following changes in ligh
regimen. Plants grown for 8 d under ML were shifted for 4 h to eith
PSI- or PSII-light. Fluorescence was excited at 645 nm. The relat
changes in fluorescence amplitude are compared to the traces of le
kept in ML (control, 0). Triangles represent data points in the ML-PS
light-switch, and circles–data points in the ML-PSII light-switch
Results are representative of 3–4 independent measurements.
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PSII (Trebst 1980), and DBMIB, which binds to the QO-site of
the cytochromeb6/f complex (Trebst 1980). DCMU inhibits
electron transport from the QA-site of PSII into the PQ-pool,
and addition of DCMU therefore results in oxidation of the PQ-
pool, simulating the effect of PSI-light. DBMIB inhibits elec-
tron transport from the PQ-pool through the cytb6/f-complex.
DBMIB addition therefore leads to reduction of the PQ-pool,
thus simulating the effect of PSII-light. We chose to work with
concentrations of inhibitors that give partial inhibition of oxy-
gen evolution. In this way, we aimed to produce effects on
electron transport of the same magnitude as those induced in
vivo by changing light quality and also minimise side-effects

on chloroplast metabolism.
Chloroplasts were prepared from ML grown peas, an

CO2-dependent oxygen evolution was measured using an o
gen electrode. Young pea chloroplasts (6–10 d old seedlin
have special requirements for CO2-dependent oxygen evolu-
tion, because of the existence in the chloroplast envelope of
active adenine nucleotide transporter (Robinson 1977). Con
quently, chloroplasts were supplemented with NaHCO3,
Na4P2O7 and ATP (Allen and Bennett 1981). In a series of con
trol experiments, the maximum rate of oxygen evolution mea
ured was 37�2 �mol O2 (mg Chl)–1 h–1 (mean��SE, n=9). To
quantify the degree of inhibition of O2-evolution, we used in-

Fig. 4 Changes in relative transcriptional rates of chloroplast photosynthesis genes in response to altered light-regimen. Plants were
for Fig. 3 and chloroplasts were isolated after 40 min (a) and 4 h (b) following the switch ML-PSI, and after 30 min (c) and 4 h (d) followi
switch ML-PSII. The gene-specific transcriptional rate was quantified as described for Fig. 2, and normalised to the values obtained fro
remaining in ML for each time-point. The initial transcriptional rate (at time-point 0) in ML-grown plants is arbitrarily set to 1 for each
(psaB, shaded bars;psbA, diagonally striped bars andrbcL, dotted bars). For comparison, the total transcriptional activity in isolated chloropla
from the different light-regimes (calculated as in Table 1) is given (empty bars). The results are the mean��SE (n=3–4).
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creasing concentrations of the two inhibitors. A 10 min prein-
cubation of the intact chloroplasts with DBMIB on ice was
necessary to obtain maximal inhibition with this inhibitor (data
not shown). For consistency, a 10 min preincubation was also
performed in the presence of DCMU (although the inhibitory
effect of DCMU was found to be complete within s of mix-
ing). Analysis of the two titration curves shown in Fig. 5 re-
vealed that 0.6�M DCMU or 1 �M DBMIB caused approxi-
mately 30% inhibition of oxygen evolution. Increasing concen-
trations of DBMIB up to 5�M did not extend the inhibition be-
yond 30%. At higher concentrations, this compound binds not
only to its primary site but also to the QB-site of PSII (Trebst
1980), thus mimicking the effect of DCMU and rendering in-
terpretation of results difficult.

On the basis of this titration data from the electron trans-
port inhibitors, we performed a titration of run-on transcription
in intact chloroplasts. It is assumed that gene transcription is al-
tered in response to changes in electron flow. The subsequent
run-on transcription experiments therefore permit the assess-
ment of inhibitor-induced changes in transcriptional rates of the
genes of interest. As shown in Fig. 6a, DCMU decreased the
transcriptional rate ofpsaB, which approached zero at 2�M
DCMU. DBMIB increased the transcriptional rate of the same

gene up to a maximum of 30%. As can be seen in Fig. 6b,
DCMU at 0.6�M increases the transcriptional rate of both th
psbA (by 25%) and therbcL (by 60%) genes; higher concentra
tions caused a decrease in transcriptional rates. This in vitro
fect resembles the behaviour of these two genes in vivo dur
the light-quality switch (Fig. 4). In the presence of increasin
DBMIB concentrations, the transcriptional rates ofpsbA and
rbcL remain largely unaltered compared to the control samp

Fig. 5 Inhibition of CO2-dependent O2-evolution in intact pea chlo-
roplasts. O2-evolution was titrated with increasing concentrations of
the photosynthetic electron transport inhibitors DCMU (a) and
DBMIB (b). Each titration point is the mean��SE (n=2–6), except
2 �M DCMU, which represents one measurement.

Fig. 6 Transcription of chloroplast photosynthesis genes in the pre
ence of inhibitors of photosynthetic electron transport. Chloropla
were isolated from ML-grown 8 day-old peas and pretreated w
increasing concentrations of the electron transport inhibitors DCM
(open symbols) or DBMIB (filled symbols). After induction of CO2-
dependent O2-evolution for 7 min, chloroplasts were diluted fourfold
and the rate of run-on transcription was measured. The hybridisat
signals ofpsaB (a), psbA (b) and rbcL (c) were normalised to16S
rRNA for each titration point. The controls (with no inhibitors added
were arbitrarily set to 1. Each data point is the mean��SE of two or
three individual assays.
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of non-treated chloroplasts (Fig. 6b, c).

Discussion

The chloroplast is an organelle containing its own ge-
nome (reviewed by Sugiura 1992) coding for components of its
genetic machinery, as well as some photosynthesis-related pro-
teins. The chloroplast is thought to have originated as an endo-
symbiotic prokaryote, and in the course of evolution, most of
the genes surviving from the ancestral endosymbiont have been
transferred to the nucleus. Retention of some genes inside the
chloroplast could be a consequence of the need for these genes
to respond to the specialised redox chemistry being performed
inside this organelle (Allen 1993a, Allen 1993b). In this con-
text, it has been suggested that chloroplast gene expression is
tightly coupled to photosynthetic electron transport, in a proc-
ess involving the interplay of redox sensors and response regu-
lators (Allen 1992, Allen 1993a, Allen 1993b, Allen et al.
1995, Race et al. 1999)

Light is an essential environmental factor in plant growth
and in leaf and chloroplast development. In natural habitats,
changes occur in both light quantity and quality and photosyn-
thesis must be tuned to these changes if high efficiency is to be
maintained. At the molecular level, this tuning involves genet-
ic responses ensuring optimal photosystem stoichiometry ac-
cording to the prevailing light conditions (Kim et al. 1993,
Pfannschmidt et al. 1999a). Earlier studies on photosynthesis
genes have shown that transcription of the PSII genespsbAand
psbB(the latter coding for the CP47 protein) are largely unaf-
fected by light quality or intensity (Glick et al. 1986, Deng et
al. 1989, Tonkyn et al. 1992). Our results support these obser-
vations but demonstrate a redox effect onpsaB transcription
that provides further insight into the molecular mechanisms of
light-dependent chloroplast gene regulation.

The rate-limiting step of the light-reactions of photosyn-
thesis under normal light-conditions is electron transfer from
the PQ-pool to plastocyanin via the cytb6/f complex (Junge
1977). The redox state of the PQ-pool is thought to regulate
photosystem composition in cyanobacterial cells (Fujita et al.
1987) and plants (Allen 1995, Pfannschmidt et al. 1999a), and
the transcription ofcabgenes, coding for light-harvesting com-
plex species associated with PSII (LHCIIs), in the green alga
Dunaliella (Escoubas et al. 1995, Maxwell et al. 1995). PQ re-
dox state is also involved in the transcriptional regulation of the
nuclear-encoded cytosolic ascorbate peroxidase genes inArabi-
dopsis(Karpinski et al. 1997). The redox state of the PQ-pool
is known to govern the activity of a redox-dependent protein
kinase (Allen et al. 1981) whose action, through phosphoryla-
tion of specific LHCII proteins under reducing conditions, re-
sults in redistribution of light energy between the two photo-
systems (Allen 1992). The PQ-pool is now also implicated in
signalling changes in electron flow to the chloroplast genetic
machinery: our results with pea plants subjected to changed ex-
citation pressure by modulating light quality show that the

chloroplast-encodedpsaBgene is transcriptionally regulated by
changes in the redox state of the PQ-pool, which in turn a
caused by alterations in light quality. When the redox state
the PQ-pool is more oxidised as a result of the light-switc
from ML to PSI, this is signalled to thepsaA/Boperon and the
response is a decrease in its transcriptional rate. The oppo
effect, of enhanced transcription, is observed when the PQ-p
becomes more reduced as a result of the light switch from M
to PSII. The specific genetic response requires about 4 h
changed illumination. The physiological relevance of such sp
cific, slow responses has been shown forChlamydomonas
(Murakami et al. 1997) and higher plants (Kim et al. 1993
The rapid change in the redox status of the PQ-pool, maxim
oxidation within 40 min of PSI light and maximal reduction
within 30 min of PSII light under our experimental conditions
however, seems to have a non-specific effect on the gene
transcription in the chloroplast. This behaviour of the transcri
tional apparatus towards instant light-quality changes might
a stress response with no immediate impact on the photos
tem quantity and stoichiometry.

As the light-sources used in our experiments conta
wavelengths absorbed by phytochrome, we considered the p
sibility that the observed effects could be mediated by phyt
chrome activation. However, this is unlikely because we o
tained the same response by thepsaBgene in the in vivo light-
switch experiments (where phytochrome could conceivab
play a role after 4 h of illumination) as in the in vitro inhibitor
studies which take place under a green safe-light. Therefo
we conclude that the observed light-quality effects are medi
ed by changes in the PQ-pool rather than by activation of t
phytochrome system.

A direct link between the PQ-pool of the thylakoid mem
branes and gene expression was established by the use of
cific electron transport inhibitors. This in vitro approach ena
bled us to modulate the redox state of the PQ-pool by titrati
with DCMU or DBMIB. As anticipated, when photosynthetic
electron transport was partially inhibited by DCMU, which
promotes oxidation of the PQ-pool, just as PSI-light does, t
transcription of thepsaBgene was decreased by approximat
ly the same degree as the inhibition of oxygen evolution in th
system. Conversely, the partial reduction of the PQ-pool
DBMIB, mimicking PSII-light, led to enhanced transcriptiona
rates of thepsaBgene, again by the same degree as the inhi
tion of oxygen evolution. In addition to these correlations with
in the inhibitor experiments, the close agreement between
in vivo (after 4 h light treatment) and in vitro results provide
strong evidence for coupling of the transcriptional rate ofpsaB
and photosynthetic electron flow through plastoquinone. The
effects are achieved to a similar degree in both experimen
systems despite differences in the time-scale. The appare
slower effects measured in the in vivo system might be read
explained if one considers the lack of cytosolic components
the in vitro system capable of maintaining redox homeosta
upon fluctuations in light quality.
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We also investigated transcription of thepsbAgene, which
did not respond here to the alteration in electron flow induced
by the light-quality switch (Fig. 4). This result is in contrast
with experiments with mustard seedlings that suggest thatpsbA
transcription is also under plastoquinone redox regulatory con-
trol (Pfannschmidt et al. 1999a, Pfannschmidt et al. 1999b).
The differences might reflect differences in the kinetics of
short-term response as both plants grown under different light
regimes adapt the transcription of theirpsbA gene in the same
way. It has also been shown previously thatpsbAis regulated
in a redox-dependent manner at the translational level inC. re-
inhardtii (Danon and Mayfield 1994). An RNA-activator com-
plex interacts with the 5�-untranslated region of the message in
a light-dependent manner, suggesting that the light signal is
transduced by photosynthetic electron transport. ThepsbAgene
has a relatively stable message, with a half-life of 40 h in bar-
ley (Mullet and Klein 1987), so new D1 protein (its translation
product) can be produced from existing mRNA when required.
Such translational control may be particularly appropriate for
the D1 protein, as its location in the PSII reaction centre
renders it highly susceptible to radical-induced damage and it
therefore requires frequent replacement (Mattoo et al. 1984,
Aro et al. 1993). ThepsaBgene is part of thepsaA-psaB-rps14
operon. ThepsaBmessage has a relatively low stability (6 h),
while the stability of the PsaB protein in the PSI complex is
much higher than that of D1, one possible reason being that the
PSI complex is surrounded by oxygen-radical scavenging en-
zymes such as superoxide dismutase and ascorbate peroxidase.
Furthermore, studies inC. reinhardtii have revealed a possible
role for the PsaB protein as an anchor for the assembly of PSI
(Stampacchia et al. 1997). All these considerations make the
transcriptional regulation ofpsaBplausible: PsaB needs to be
replaced seldom, therefore its message has a relatively low sta-
bility. However, as PsaB is an anchor of PSI, the rate of synthe-
sis of its message needs to be altered quickly in response to
persisting changes in the environment. The third gene studied,
rbcL, shows no major alterations in transcriptional rates in re-
sponse to the changes in electron flow. This expected result is
in accordance with earlier studies from spinach (Deng et al.
1989). An explanation for the seeming discrepancy in the tran-
scriptional rate of therbcL gene under PSII-light acclimation
and under the 4 h light-switch ML-PSII is that therbcL gene
needs a longer adaptation time to reach the transcriptional rates
of the PSII-light grown plants.

A DNA-binding protein that interacts specifically with the
psaA-psaB-rps14promoter has been isolated from spinach
chloroplasts (Cheng et al. 1997). However, the respective pro-
moter region in pea does not contain similar binding sites (re-
sults not presented) which makes the involvement of this par-
ticular protein in the light-quality regulation of peapsaBrather
unlikely. Thus the details of the redox signalling mechanism of
transcriptional regulation ofpsaB remain to be clarified. We
predict that the affinity of a DNA-binding protein(s) for the
psaBpromoter will vary in response to changes in the redox

state of the PQ-pool, and this interaction in turn switches t
transcription ofpsaBon or off by allowing an RNA polymer-
ase to bind or not to the promoter. The regulatory process co
also involve thioredoxin, and possibly follow a mechanism r
lated to that described earlier for the redox regulation ofpsbA
translation inC. reinhardtii (Kim and Mayfield 1997) suggest-
ing a whole cascade of redox and phosphorylation events. T
could explain the lag-phase in the gene-specific responses u
light switch. The redox-regulated thylakoid protein kinase(
(Allen 1992) might also be involved in signalling changes i
the redox state of the PQ-pool to the chloroplast genetic m
chinery, perhaps via a protein kinase acting on a componen
the chloroplast transcriptional apparatus (Baginsky et al. 199
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