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Principles of redox control in photosynthesis gene expression
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Light is one of the most important environmental factors some cases, oxygen acts as a different environmental, light-in-
dependent stimulus of photosynthetic gene expression, provid-influencing gene expression in photosynthetic organisms. In

particular, genes for components of the photosynthetic ma- ing an additional redox signal and a different kind of redox
control. In this review, we summarise present knowledge aboutchinery show light-dependent expression. In recent years, it

has become clear that photosynthesis itself contributes impor- such redox control mechanisms and analyse common proper-
tant signals to this light control of gene expression by means ties as well as differences in the various signalling pathways.

We suggest that there is an urgent need for a clear distinctionof changes in the reduction/oxidation (redox) state of sig-
between different kinds of redox control. Accordingly, wenalling molecules. Such changes in redox state are induced by

changes in quality and quantity of the incident light. Redox propose a categorisation into perceptional and transductional
signalling mechanisms therefore provide photosynthesis with redox control. These categories are defined and examples

given. The generalisation and comparability of results ob-the possibility of acclimational changes in the structure of the
photosynthetic apparatus via a feedback control of photosyn- tained in different physiological test systems and species are
thesis gene expression. The great variety of these signalling critically discussed.
mechanisms is summarised under the term ‘redox control’. In

of various components influences almost all levels of photo-
synthetic gene expression, i.e. transcription, post-transcrip-
tional processes and translation. Here we describe general
principles of such redox control mechanisms in different
photosynthetic organisms with emphasis on steps in cell
signalling and the evolutionary development of photosyn-
thetic cells. This viewpoint combines present knowledge
with a new way in which to categorise and distinguish
between two types of redox control.

Redox control – a definition

‘Redox’ reactions are chemical reactions that involve trans-
fer of electrons or hydrogen atoms between molecules.
‘Reduction’ refers to the gain of one or more electrons or
hydrogen atoms by an electron acceptor; ‘oxidation’ refers

Introduction

Control of the expression of genes for products involved in
photosynthesis is of fundamental importance for all organ-
isms whether or not they are themselves photosynthetic.
Regulatory signals influence the development and establish-
ment of the photosynthetic machinery, its maintenance and
acclimation to varying environmental conditions and its
degradation during senescence. This review focuses on
mechanisms that couple the reduction/oxidation (redox)
state of single extra- or intracellular components to photo-
synthesis gene regulation. Such redox control of photosyn-
thesis gene expression is an emerging field of research, as it
appears to be a new, additional basis for light regulation in
contrast to the ‘classical’ light-receptor-mediated gene ex-
pression control. The molecular mechanisms of primary
redox-sensing steps are quite diverse and in some cases still
not understood, but it has been shown that the redox state

Abbre6iations – DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone; LHCII, light-harvesting complex of photosystem II; PQ,
plastoquinone; PS, photosynthesis; PSI, photosystem I; PSII, photosystem II; QB, quencher B; QO, quinone outer.
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to the loss of one or more electrons or hydrogen atoms by
an electron donor. ‘Redox state’ means the oxidised or
reduced state of the molecule concerned. ‘Redox control’ of
any biological phenomenon therefore can be described as
the dependency of a molecular response on the redox state
of one or more of its constituent molecules. Many metabolic
processes in a cell perform redox reactions and therefore a
comparably large number of biological responses have been
reported to be ‘redox-controlled’. Long-known examples
related to photosynthesis are the regulation of Calvin cycle
enzymes by the thioredoxin system (reviewed by Scheibe
1991) or the mechanisms involved in scavenging oxygen
radicals under light stress, such as the ascorbate-glutathione
cycle (reviewed by Noctor and Foyer 1998). It has now
become clear that redox control also extends to the level of
gene expression. The modes of action of respective redox
control initiator molecules are quite diverse and include
reduction/oxidation of thiol groups, iron-sulphur centres,
haems and flavins (reviewed by Bauer et al. 1999). Most of
these modes of action can be found in photosynthesis gene
expression. This diversity in regulated events and controlling
molecular mechanisms appears to render the term ‘redox
control’ ambiguous in describing the type of control. A
simple way, however, to classify different types of redox

control is to look for the position of the first controlling
redox parameter within the signal transduction chain be-
tween an environmental stimulus and the respective molecu-
lar response. In a living cell this includes the perception of
the environmental stimulus either through one or several
receptors, a signal transduction process via an appropriate
chain of transducing molecules and, ultimately, a molecular
response that enables the cell to acclimate to the change in
its environment (Fig. 1). We therefore may distinguish be-
tween two categories of redox control, according to the
position of the controlling parameter within the signal trans-
duction chain. Perceptional redox control occurs if the envi-
ronmental stimulus (e.g. light or oxygen) itself induces a
redox signal within the perceiving sensory system. Transduc-
tional redox control occurs if the perception of the stimulus
(e.g. light) results in a change of the redox state of a
downstream molecule of the sensory system. In both cases,
the photosynthetic apparatus of photoautotrophic organ-
isms can serve as the sensory system and, therefore, func-
tions as a photoreceptor. In this review, we show that these
types of redox control can be found in the regulation of
photosynthetic gene expression. In addition, this definition
appears to be valid for other redox-controlled mechanisms
not covered by this review, such as the regulation of nitro-

Fig. 1. Principles of redox control in PS gene expression. (A) Scheme with principal steps in cell signalling. (B) Scheme summarising the
respective steps in redox control of PS gene expression. Box marked with P in lower left corner summarizes the sensoring systems of
perceptional redox control; box marked with T summarizes components of transductional redox control. Only redox signalling pathways in
PS gene expression events (bottom) are shown, which can be clearly attached to one of the two redox control modi (for other pathways refer
to text). The respective controlling redox parameters (high-lighted by bold lines) are drawn to fit the respective step in cell signalling, i.e.
signal perception or transduction. Bold black arrows represent redox-controlled signalling pathways. Uncertain or unknown connections or
components are marked by a question mark. Location of gene expression events is given; the double line represents the chloroplast envelope.
The oxygen-dependent redox signal occurring exclusively in purple bacteria is separated by a dotted line.
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gen fixation genes in rhizobials (reviewed by Fisher 1994) or
the repression of aerobic genes under anoxia via the ArcB/
ArcA system in E. coli (reviewed by Lynch and Lin 1996).

Redox control of photosynthesis genes – a common
principle in photosynthesising cells

Perceptional redox control by oxygen

Perceptional redox control occurs if the environmental stim-
ulus induces a redox signal within the perceiving sensory
system. Among photosynthetic organisms, oxygen has been
identified to be such an environmental stimulus; however, as
known so far, only for purple bacteria. These facultative
photoheterotrophic organisms obtain their energy either
from light (via photosynthesis) or from organic and inor-
ganic compounds depending on their environmental condi-
tions. Extensive studies on Rhodobacter capsulatus (reviewed
by Bauer and Bird 1996) and on Rhodobacter sphaeroides
(reviewed by Eraso and Kaplan 2000) demonstrated that
transcription of photosynthetic genes (including those for
carotenoid and bacteriochlorophyll biosynthesis, for the
light harvesting I [puf operon] and II [puc operon] genes and
for the reaction centre genes [puh operon]) occurs under
anaerobic conditions, while the presence of oxygen inhibits
their expression. Oxygen appears to be the primary, light-in-
dependent signal and its action is further modified by the
light intensity. Transcription of puf and puh operons is
enhanced by illumination at low intensity, suggesting that
endogenous redox signals from the photosynthetic appara-
tus may have a regulatory impact on photosynthesis gene
expression. This suggests the existence of a possible percep-
tional or transductional redox control in purple bacteria,
which, in turn, influences the perception and transduction of
the primary oxygen signal. Molecular oxygen may be sensed
by a Cbb3-type cytochrome c oxidase and the signal is
further transduced by either a two-component system
(RegB-RegA in R. capsulatus, PrrB-PrrA in R. sphaeroides)
to activate or, by the repressive factor Crtf, to inactivate PS
gene expression. The interaction between light intensity and
the oxygen-sensing system is mediated by a transcription
factor called HvrA. The mode of action of these regulators
is not yet fully understood. An analogous oxygen-sensing
system can be found in the ArcB-ArcA two-component
system of E. coli (reviewed by Lynch and Lin 1996). Further
parallels are also visible in the oxygen-sensing systems of
mammalian cells (reviewed by Semenza 1999).

Perceptional redox control by light

Redox regulation by the environmental factor light is very
common among photosynthetic organisms and can be found
in cyanobacteria, unicellular algae and higher plants. In all
cases studied, changes in illumination (i.e. light quality or
quantity) were used to influence electron transport in the
thylakoid membrane in vivo, which, in turn, results in the
change of the redox state of components of the photosyn-
thetic machinery. In addition, temperature has been shown
to be very important in modulating the incoming light signal

especially at low temperatures (see below). To exclude the
action of cytosolic photoreceptors and to identify the signal
within the photosynthetic electron transport, site-specific
electron transport inhibitors, such as 3-(3%,4%-
dichlorophenyl)-1,1%-dimethyl urea (DCMU) and 2,5-di-
bromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) are
used. Responses to these inhibitors also locate the signal-
generating component within the thylakoid membrane, since
DCMU blocks photosynthetic electron transport at the
quencher B (QB) site of photosystem II (PSII), while DB-
MIB blocks at the quinone outer (QO) site of the cy-
tochrome b6 f (cyt b6 f ) complex. As DBMIB also binds to
the QB site if it is used in high concentrations (Trebst 1980),
experiments have to be performed very carefully to avoid
ambiguous or misleading results.

Studies with changing light qualities generally involve low
light conditions, thus avoiding side effects of photoinhibi-
tion or other light stress functions. In chloroplast-containing
organisms under such conditions, only effects on plastid
genes have been reported so far. In contrast, studies that
used changes in light quantity predominantly show percep-
tional redox effects on nuclear PS genes. In both cases,
several lines of evidence identified the plastoquinone (PQ)
pool and/or the cyt b6 f complex as the most probable redox
sensors (discussed below).

Changes in light quality lead to preferential absorption of
light by either photosystem I (PSI) or PSII. Under condi-
tions favouring PSII, the redox system(s) are predominantly
reduced, while under conditions favouring PSI, they are
predominantly oxidised. Prolonged illumination with these
light qualities causes an adjustment of photosystem stoi-
chiometry, which counteracts the imbalance in excitation
energy. Extensive studies with the cyanobacterium Syne-
chocystis PCC 6714 suggest that photosystem stoichiometry
is modified by variation in the number of PSI particles. It
has been shown that this adjustment is controlled by the
redox state of the cyt b6 f complex, which controls transla-
tion of the psaAB genes (reviewed by Fujita 1997). In vivo
studies on Sinapis alba demonstrated that photosystem stoi-
chiometry is adjusted by simultaneous variation of the den-
sity of both PSI and PSII in higher plants. Furthermore, in
contrast to cyanobacteria, in organello studies indicated that
the redox state of the PQ pool specifically controls the
transcription of chloroplast-encoded photosystem core
protein genes (psaAB, P700 apoproteins of PSI and psbA,
D1 protein of PSII), while other chloroplast genes remained
unaffected (Pfannschmidt et al. 1999a,b). In its reduced state
(when PSI is rate-limiting) the PQ pool activates the expres-
sion of psaAB and, in its oxidised state (when PSII is
rate-limiting), the PQ pool activates the expression of psbA
and represses that of psaAB. It has to be noted that
cyanobacteria are the only organisms that perform oxygenic
photosynthesis and respiration within the same cell com-
partment and both electron transport chains share some
common components, including the PQ pool (reviewed by
Scherer 1990, Schmetterer 1994). Reduction of the PQ pool
therefore occurs not exclusively by PSII, but also by stromal
electron sources via NADH dehydrogenases. There is also
accumulating evidence that the redox state of the PQ pool in
chloroplasts of higher plants can be influenced by stromal
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components during chlororespiration. In the dark, it can be
reduced by reduction equivalents via the NDH complex
(Feild et al. 1998, Kofer et al. 1998). In addition, it was
found that PQ can act as a electron carrier between thy-
lakoid NADH dehydrogenase and peroxidase (Casano et al.
2000). Therefore, the role of the PQ pool in redox control of
photosystem stoichiometry in cyanobacteria and chloro-
plasts of higher plants might be different in some details and
general conclusions and comparisons must be drawn
carefully.

Light quality effects on the expression of nuclear PS genes
have not yet been demonstrated, but such effects do occur in
response to changes in light intensity. The expression of
Lhcb genes (encoding chlorophyll-binding proteins of light-
harvesting complex of PSII [LHCII]) in the unicellular alga
Dunaliella tertiolecta can be stimulated by an oxidised PQ
pool (established by a switch from high to low light intensi-
ties). This conclusion was supported by experiments with
site-specific inhibitors, such as DCMU and DBMIB (Es-
coubas et al. 1995). In a different approach using the related
alga Dunaliella salina, it was investigated how this organism
responds to changes in incident light quantity under a
controlled temperature environment (Maxwell et al. 1995).
This work took into account that high light intensity effects
can be mimicked under low light intensities by low tempera-
ture. A decrease in temperature results in the depression of
enzymatic reactions, such as the Calvin cycle, which subse-
quently leads to an increase in excitation pressure of PSII as
it occurs under high light at moderate temperature (reviewed
by Huner et al. 1998). From their results, the authors
concluded that most probably the redox state of the PQ
pool controls the transcription of nuclear Lhcb genes. The
results from these two independent studies suggest the exis-
tence of a regulatory pathway starting from the PQ pool
and leading to an increase in the amount of light-harvesting
complexes and, subsequently, the quantum yield of the PS
apparatus of Dunaliella species under low light or PQ oxidis-
ing conditions. First data show that a cytosolic protein
becomes phosphorylated (phosphoprotein, Fig. 1) under low
light conditions, which then binds to the Lhcb promoter
(Escoubas et al. 1995). It therefore may be the functional
link between the redox state of the PQ pool and Lhcb
transcription. However, its exact role in this pathway re-
mains to be elucidated.

In higher plants, investigations with transgenic tobacco
showed that transcription of a pea ferredoxin transcribed
region (Fed-1) was increased after illumination of dark-ac-
climated plants (Petracek et al. 1997). DCMU treatment
blocked this increase as well as the polyribosome loading of
this mRNA. Interestingly, light-induced accumulation of
Lhcb transcripts remained unaffected in this system. Further
studies using a Fed-1 construct with the tetracyclin-repress-
ible promoter showed that disruption of photosynthetic
electron transport either by darkness or by DCMU treat-
ment leads to rapid destabilisation of the Fed-1 mRNA
(Petracek et al. 1998), suggesting that this destabilisation is
an immediate response to inhibition of electron transport.
However, since the controlling redox component was not
identified, it is not clear yet if Fed-1 gene expression is
controlled by a perceptional or transductional redox signal.

Studies with Arabidopsis suggested that the reduced PQ
pool generated by a low-to-high light switch partially con-
trols the expression of nuclear-encoded Apx genes. These
genes encode cytosolic ascorbate peroxidases, which are
thought to be part of a high light stress defence (Karpinski
et al. 1997). This high light stress response was accompanied
by an increase in the ratio of oxidised to reduced glu-
tathione, an important fact for transductional redox control
mechanisms, as discussed later.

Observations of redox effects induced by light quantity
changes on pure chloroplast gene expression are still rare.
First, results derive from studies with Lactuca sati6a after
illumination of dark-acclimated plants. The authors con-
cluded that an oxidised cyt b6 f complex activates the overall
transcriptional activity in chloroplasts (Pearson et al. 1993),
but no gene-specific effects were sought. The only additional
study that also used dark-light switches has been performed
with Chlamydomonas chloroplasts and is focused on the
translation of a single gene, i.e. psbA (Trebitsh et al. 2000),
a transductional redox control, as discussed below.

In cyanobacteria, in contrast, changes in light quantity
have been shown to control transcription of the psbA gene
differentially. psbA, unlike in higher plants and algae, is
present in cyanobacteria as a gene family (reviewed by
Golden 1994). Recent work suggests the involvement of the
cyt b6 f complex in the perceptional redox control of psbAII/
III transcript accumulation in Synechocystis PCC 6803 (Al-
fonso et al. 2000), complementing the work of Fujita and
co-workers (Fujita 1997) performed with Synechocystis PCC
6714. Both strains show the same psbA gene expression
characteristics, i.e. no psbAI expression at all and variable
psbAII/III expression. In contrast, in Synechococcus PCC
7942, psbAI is expressed under low light and psbAII/III
under high light or stress. The exchange of these transcript
pools is probably dependent on the thiol redox state of the
cells (Sippola and Aro 1999) and is therefore an example of
transductional redox control, as defined below. Control of
psbA expression is the best-known example of species-spe-
cific differences in the redox regulation of the same physio-
logical event.

Transductional redox control

Transductional redox control occurs if the perceived stimu-
lus leads to a change in the redox state of a downstream
molecule of the sensory system. This type of redox control
has been described for unicellular algae and higher plants.
Studies in many laboratories focus on redox agents, which
are reduced or oxidised by the electron transport chain (such
as thioredoxin or glutathione) and which ultimately influ-
ence components involved in PS gene expression. Experi-
mentally, different redox agents are applied to activity tests
with the purified enzyme of interest. While these data are
based on in vitro observations, their physiological impor-
tance often remains to be determined.

In the unicellular green alga Chlamydomonas reinhardtii, it
was shown that binding of a translation-activating protein
complex to the psbA mRNA 5%-untranslated region is en-
hanced under reducing conditions in vitro (Danon and
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Mayfield 1994), probably by means of activation by reduced
thioredoxin. Further studies suggested the involvement of
the disulphide isomerase-like enzyme RB60 (PDI, Fig. 1) as
transducing redox active enzyme activity (Kim and Mayfield
1997). The first physiological support for this redox pathway
came from a PSI-deficient mutant, which shows a reduced
psbA translation. Recent in organello experiments show that
light is indeed able to reduce RB60 and to enhance psbA
translation. These results support the idea of light-controlled
psbA translation via the ferredoxin-thioredoxin system (Tre-
bitsh et al. 2000). In addition, electron transport efficiency
also appears to influence the splicing of the psbA message in
Chlamydomonas (Deshpande et al. 1997), but the present
data do not distinguish between perceptional and transduc-
tional redox mechanisms. Finally, the application of DCMU
or redox agents to Chlamydomonas chloroplast transformant
lines MU7 grown under dark/light cycles indicates a regula-
tory role of photosynthetic electron transport and redox
state on the degradation of chloroplast transcripts, probably
via the ferredoxin-thioredoxin system (Salvador and Klein
1999).

In higher plants, it was shown that the activity of the
plastid RNA processing enzyme p54 from mustard is influ-
enced by reducing agents in vitro (Liere and Link 1997). The
same is true for the plastid transcription kinase (PTK, Fig.
1) from mustard, which catalyses phosphorylation of sigma-
like factors in vitro (Baginsky et al. 1997). PTK activity is
enhanced in vitro by reduced glutathione (Baginsky et al.
1997, 1999). Glutathione is thought to play an important
role in enhancing the expression of the psbA gene after high
light stress, i.e. under increased amounts of oxidised glu-
tathione (Karpinski et al. 1997). Enhancement of psbA gene
expression should help to replenish D1 protein under high
light intensities (Link 1999).

Finally, a recent in vivo study with transgenic Arabidopsis
plants harbouring an Apx::Luc fusion suggests that the
expression of the transgene can be influenced by reactive
oxygen species (ROS), such as H2O2, in darkness. Thus,
H2O2 can replace high light intensities and is claimed to act
as a second messenger that allows intercellular communica-
tion, producing systemic acclimation (Foyer and Noctor
1999, Karpinski et al. 1999). In this context, it is interesting
to note that the H2O2-generating chloroplast superoxide
dismutase from mustard can be purified as a complex with
the plastid RNA polymerase A (Pfannschmidt et al. 2000).
The reason for such an association is not yet clear, but there
is definitely a need for efficient protection of newly synthe-
sised transcripts against ROS generated by the photosyn-
thetic electron transport. Therefore, it is possible that the
H2O2 produced by the action of this enzyme could act as a
signal that has an impact on chloroplast transcription.

Redox signalling pathways – open questions

Present knowledge suggests that redox components initiate
important signalling pathways, which ultimately regulate PS
gene expression. Two questions are crucial for an under-
standing of this phenomenon at the molecular level.

1. How are the redox signals transduced to their respective
target genes?

2. Do the various redox effects observed in different in vivo
and in vitro systems reflect an integrated redox signalling
network or do they represent separate signalling path-
ways, which operate independently from each other?

Perceptional redox signal transduction in oxygen-controlled
PS gene expression of purple bacteria is quite well under-
stood, even if details remain to be clarified. In contrast, our
understanding of the signal systems under perceptional re-
dox control starting from the PQ pool and/or the cyt b6 f
complex is poor. The large number of different organisms as
well as physiological test systems makes it difficult to draw
general conclusions, in particular, since species-specific
mechanisms cannot be excluded at present. Nevertheless,
common features and questions are obvious. First, how is
the redox signal transferred out of the thylakoid membrane?
It was proposed that a putative factor, whose activity de-
pends directly on the redox state of the QO site in cyt b6,
activates PsaA/B synthesis (reviewed by Fujita 1997). This
seems to be supported by observations that show that the
primary redox signal of the PQ pool is mediated via the cyt
b6 f complex (Anderson et al. 1997, Vener et al. 1997, Zito et
al. 1999), but the latter investigations are focused on the
redox activation of the LHCII kinase (reviewed by Allen
1992, Vener et al. 1998) and not on redox effects on gene
expression. A further potential candidate for the transduc-
tion of the PQ/cyt b6 f redox signal may be the thylakoid-as-
sociated kinase (Snyders and Kohorn 1999). It is still
unclear whether state transitions and changes in chloroplast
transcription are controlled by two different pathways or by
two different branches initiated by the same redox sensor
(Nilsson and Allen 1997). However, in mustard, these two
processes are responses to changes in the PQ redox state,
which occur on the same time scale (Allen and
Pfannschmidt 2000), i.e. both responses can be observed
within minutes. This suggests that they act functionally in
parallel with the state transition as the gate triggering the
gene expression response.

It was also hypothesised that the redox state of the PQ is
sensed by a membrane-bound, two-component sensor ki-
nase, which transfers the signal to a response regulator,
which, in turn, affects gene expression (Allen 1993a,b). In
cyanobacteria and purple bacteria, two-component systems
are known to be involved in PS gene expression (Allen
1993c). Recent evidence strongly implicates a redox two-
component system in both state transitions and photosystem
stoichiometry adjustment in the cyanobacterium Syne-
chocystis 6803 (Li and Sherman 2000). Histidine sensor
kinases have also been identified in the cytoplasm of higher
plants, such as ethylene- and cytokinine-sensing kinases, and
a still growing number of nuclear-encoded response-regula-
tor-like genes have been identified in Arabidopsis and maize
(for review see Chang and Stewart 1998, D’Agostino and
Kieber 1999, Sakakibara et al. 2000, Urao et al. 2000).
However, none of the identified genes (Imamura et al. 1999)
show typical chloroplast transit peptides with the ChloroP
program (Emanuelsson et al. 1999, Pfannschmidt and Oel-
müller, unpublished results). The functional and molecular
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analysis of plant response-regulator-like proteins is just at its
beginning, and further studies will clarify their putative role
in cellular redox signalling mechanisms.

In contrast, transductional control of the chloroplast gene
psbA via the ferredoxin-thioredoxin system and the transla-
tion initiation complex in Chlamydomonas (Danon and
Mayfield 1994, Kim and Mayfield 1997) or via glutathione
and the RNA polymerase kinase complex in mustard
(Baginsky et al. 1997) appears to be better understood.
Components for the transduction of the redox signal to the
gene expression level are known and appropriate models of
their action are proposed (reviewed by Link 1999). Further
studies will show if these models apply in vivo and if other
plastid genes besides psbA are regulated in the same way.

Redox control of the expression of nuclear PS genes
represents a second major task in plant research, as the
signal has to pass through the chloroplast envelope. The
mechanisms by which the signal is transported over the
membrane are completely unknown to date. In addition, it
is not clear if there exist different redox signals and, if yes,
how many. The various physiological test systems (e.g. light
quantity or light quality), which can be used to investigate
redox signals, suggest the existence of at least several signals.
In any case, redox signals may represent one form of the
so-called ‘plastid factor’ (Oelmüller 1989), whose nature is
still unknown (reviewed by Taylor 1989, Goldschmidt-Cler-
mont 1998). As already mentioned, studies with Dunaliella
tertiolecta point to the involvement of a phosphorylatable
protein messenger (Escoubas et al. 1995, Durnford and
Falkowski 1997) in this interorganellar communication. Re-
cent studies with the cue1 (cab underexpressed) mutant from
Arabidopsis suggest also the involvement of a plastid phos-
phoenolpyruvate/phosphate translocator in this pathway
(Streatfield et al. 1999).

As chloroplast metabolism and photosynthesis are tightly
coupled, it is possible that both contribute to the chloroplast
signal. An important difference in redox control of nuclear
and chloroplast PS genes, at least in higher plants, is that
the redox signal passing to the nucleus is composed of about
80–120 individual signals (depending on the total number of
chloroplasts in the respective cell), while the redox control
within each chloroplast is organelle-specific. As the redox
poise of the chloroplasts within one cell may differ because
of their cellular position, nuclear gene expression reflects the
response to an average of all these signals. Therefore,
chloroplast redox signals to the nucleus contain more gen-
eral information about the photosynthetic capacity of the
cell, while redox signals within the plastid allow control of
gene expression according to the specific situation within a
single chloroplast. Answers to these questions could be
obtained by comparison of redox pathways in cells with
multiple chloroplasts (e.g. higher plants) and in cells with a
single chloroplast, such as Chlamydomonas or the ftsZ mu-
tant of Arabidopsis (Osteryoung et al. 1998).

As outlined above, redox control in chloroplasts starts
from different redox parameters. How do these various
redox signals contribute to the gene-specific control of PS
gene expression in a coordinated way? We still need more
information to understand this mechanism. Nevertheless, it
appears that a hierarchical order of the various redox sig-

Fig. 2. Simplified model of hierarchical order in light-dependent
redox control of PS gene expression in a photosynthetic cell. The
triangle represents an increase in incident light intensity from the
left to the right. The light intensity and the respective main active
redox control parameter are correlated by perpendicular lines repre-
senting 3 light intensity windows. Each parameter has to fulfil a
different physiological role according to the light intensity, which in
the end helps to acclimate photosynthesis to changing illumination.

nals influences gene expression according to the incident
light intensity (Fig. 2). Our general assumption is that a
redox control parameter is active only under those light
intensities under which it shows variable ratios in its oxi-
dised versus reduced forms. A model is based on 3 light
intensity windows, i.e. low, moderate and high light inten-
sity. The range of the low light intensity is defined by the
redox state of the PQ pool, which depends directly on the
linear electron transport. Its main physiological role is to
redistribute imbalances in energy excitation between the two
photosystems to provide an efficient electron flux, even
under limited photon yields, such as under water, in shade
or under cloud, by means of activation of physiological
variations or gene expression mechanisms.

Reaching the point of complete PQ reduction by increas-
ing light intensity, the second window becomes activated, in
which we suggest that thioredoxin may become the predom-
inant redox control parameter. Thioredoxin is reduced by
ferredoxin via a ferredoxin-thioredoxin reductase, a crucial
step in photosynthesis redox chemistry, since the received
electron signal from ferredoxin is transduced into a thiol
signal transmitted to thioredoxin (Dai et al. 2000; reviewed
by Schürmann and Jacquot 2000). The redox state of thiore-
doxin may still be variable under moderate light intensities,
as it depends on the linear and cyclic electron transport. In
addition, the midpoint redox potential (Em) of thioredoxin
(−290 mV for thioredoxin f and –300 mV for thioredoxin
m, Schürmann and Jacquot 2000) is more negative than that
of PQ ( �+100 mV). According to the Nernst equation,
under a constant pH and equal total concentration (of PQ
and thioredoxin), PQ has a ratio of reduced to oxidised
forms of 107 when at equilibrium with thioredoxin that is
exactly 50% reduced. Differences in the redox potential of
the enzymes of the Calvin cycle suggest a sequential activa-
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tion of these enzymes by the reduction state of thioredoxin
as well as different degrees of activation (Faske et al. 1995).
Therefore, thioredoxin may act in a similar way as regulator
of gene expression.

The third proposed window describes conditions in which
the incident light intensity increases such that thioredoxin
remains reduced. As a consequence, dissipation of excess
light energy becomes important in order to avoid photooxi-
dative damage. High light stress therefore increases the
GSSG/GSH ratio as well as ROS production, such as H2O2

(reviewed by Noctor and Foyer 1998). Increasing concentra-
tions of GSSG or H2O2 then act as the activation signals for
light stress defence mechanisms. The width of each light
intensity window depends on the photosynthetic capacity of
the individual organism, which explains why a given gene
under the same conditions is controlled by different redox
mechanisms in different species. It is also important to note
that the action of the 3 proposed redox mechanisms may
overlap to a certain degree.

Evolution of photosynthetic cells and its impact on
redox signals

As described above, photosynthetically active cells from
bacteria to higher plants contain various redox-controlled
mechanisms to regulate the expression of photosynthesis
genes. Purple and cyanobacteria show immediate responses
to environmental changes and these changes are necessary
for their survival. Since these organisms are related to the
chloroplast of eukaryotic plant cells, it will not be surprising
that these mechanisms are still active in higher plants. Since
chloroplasts contain rather little genetic information (the
plastome encodes approximately 80 polypeptides, while
more than 2500 nuclear genes appear to code for additional
plastid proteins (Abdallah et al. 2000), diversification of
redox signals within the eukaryotic cell may be expected to
have occurred (Fig. 3). The total on-off redox mechanism in
purple bacteria was dispersed in various signals starting
from the chloroplast electron transport chain to control the
genetic information for the photosynthetic apparatus when
it became divided between nucleus and plastome. For a
higher plant cell, the sum of all redox signals starting from
the about 80–120 chloroplasts may be the most important
signal for the regulated expression of the nuclear-encoded
photosynthetic genes. The chloroplast itself still has control
over the biogenesis of photosynthetic core proteins, which
may be the pacemaker for the synthesis and assembly of
photosynthetic centres. This fact might be the reason for
retaining a chloroplast genome during evolution (Allen
1993a,b, Pfannschmidt et al. 1999a, Race et al. 1999).
Interestingly, ROS seem to have a regulatory role in tissue-
overriding redox signalling, i.e. the ROS signal of one cell is
an exogenous redox signal for another cell. This is reminis-
cent of the oxygen response of purple bacteria, suggesting
that this signalling pathway may have been converted in an
intercellular pathway during evolution.

In this way, photosynthesis itself can be understood as a
receptor for environmental information controlling the ex-
pression of the nuclear and plastid-encoded genes encoding

the components that are necessary for an efficient photosyn-
thetic process. The concept of photosynthesis as sensor for
environmental information has been originally introduced as
the ‘grand design of photosynthesis’ by Arnon (1982) and
further extended by Anderson et al. (1995) and Huner et al.
(1998). The present data about redox control of photosyn-
thesis gene expression are consistent with this concept and
indicate its important role as regulator of plant metabolism
and gene expression.

Future perspectives

Our knowledge about light-dependent redox signal mecha-
nisms controlling gene expression is growing. The present
focus still lies on genes encoding proteins involved in or
related to photosynthetic functions, but it is very likely that
other light-regulated genes may also be controlled by redox
mechanisms, such as nitrate reductase or nitrogenase. Fur-
thermore, it must be considered that illumination oscillates
in a daily rhythm and, therefore, it can be expected that the
action of redox control mechanisms is also influenced in
such a way. A role for redox signals in the circadian control
of gene expression may be anticipated, at least in defining
the amplitude of the oscillation.

Besides the chloroplast, mitochondria perform many of
the redox reactions in the cell. The electron flow through the
mitochondrial respiratory chain is light-independent and
may contribute to completely different genes and redox
signalling mechanisms. Studies in potato mitochondria show
that the redox state of the respiratory chain has an impact
on mitochondrial RNA synthesis (Wilson et al. 1996). In
addition, it has been shown that mitochondrial respiration
also contributes to photosynthetic capacity in winter rye by
using reducing equivalents from linear photosynthetic elec-

Fig. 3. Diversification of redox signals within photosynthetic cells
during evolution. Redox control pathways of PS gene expression in
photosynthetic bacteria representing the ancestors of chloroplasts
(A), in unicellular algae (B) and in plant tissue (C). The evolution-
ary organisation of the respective photosynthetic organism is indi-
cated by the shape and size of the cell. Open arrows represent
exogenous redox signals from the environment of the cell, hatched
arrows are redox signals within the cell and black zig-zag arrows
represent light. The photosynthetic machinery is represented by 3
stacked black lines, bacterial or plastid DNA by a small circle and
the nuclear compartment by a bigger circle containing two chromo-
somes, respectively.
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tron transport (Hurry et al. 1995). Furthermore, it has been
shown in pea protoplasts that respiration helps to protect
photosynthesis from photoinhibition (Saradadevi and
Raghavendra 1992). So there are clear hints that there exists
an interdependence between photosynthesis and mitochon-
drial respiration not only in cyanobacteria (see above), but
also in plant cells, where both events take place in different
compartments (reviewed by Raghavendra et al. 1994). The
future will show how these signals contribute to the redox
signalling network of photosynthetic cells and to interor-
ganellar communication.
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