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Plants possess acclimation responses in which structural reconfigurations adapt the photosynthetic apparatus to

fluctuating illumination. Long-term acclimation involves changes in plastid and nuclear gene expression and is controlled

by redox signals from photosynthesis. The kinetics of these signals and the adjustments of energetic and metabolic

demands to the changes in the photosynthetic apparatus are currently poorly understood. Using a redox signaling system

that preferentially excites either photosystem I or II, we measured the time-dependent impact of redox signals on the

transcriptome and metabolome of Arabidopsis thaliana. We observed rapid and dynamic changes in nuclear transcript

accumulation resulting in differential and specific expression patterns for genes associated with photosynthesis and

metabolism. Metabolite pools also exhibited dynamic changes and indicate readjustments between distinct metabolic

states depending on the respective illumination. These states reflect reallocation of energy resources in a defined and

reversible manner, indicating that structural changes in the photosynthetic apparatus during long-term acclimation are

additionally supported at the level of metabolism. We propose that photosynthesis can act as an environmental sensor,

producing retrograde redox signals that trigger two parallel adjustment loops that coordinate photosynthesis and

metabolism to adapt plant primary productivity to the environment.

INTRODUCTION

In dense plant stands, such as crop fields or forests, individuals

shade each other and create competition for light absorption. As

a result, the incident light intensity within the stand decreases

exponentially (Terashima et al., 2005). Furthermore, selective

light absorption by the upper leaf layers leads to an enrichment

of far-red wavelengths that activates phytochrome-mediated

shade avoidance responses (Smith, 2000). Perhaps more impor-

tantly, the light gradient additionally largely reduces the efficiency

of photosynthesis. Photosystem II (PSII) and photosystem I (PSI)

work electrochemically in series; however, the reaction centers

differ in their absorption properties and use light quanta of

wavelengths 680 and 700 nm, respectively. The increase in far-

red light induces excitation imbalances between the two photo-

systems that disturb both the redox chemistry in the transport

chain and its coordination with the Calvin-Benson cycle, the

function ofwhich is crucial forCO2fixation and the recovery of the

electron end acceptor NADP+ (Allen, 2002; Dietzel et al., 2008).

Plants possess molecular acclimation mechanisms that restore

the photosynthetic homeostasis by structural reconfiguration of

the photosynthetic apparatus involving changes in antenna

composition (state transition) and photosystem stoichiometry

(long-term response [LTR]) (Aro and Andersson, 2001; Walters,

2005; Eberhard et al., 2008). These processes are relatively well

characterized at the biophysical level, but the integration of gene

expression and metabolism during light quality acclimation is

currently poorly understood. Recent data indicate that the redox

states of plastoquinone (PQ) and of thioredoxin are central to

the regulation of light acclimation responses (Pfannschmidt,

2003; Schurmann, 2003; Buchanan and Balmer, 2005; Kanervo

et al., 2005) and that these responses occur in a photoreceptor-

independent manner (Walters et al., 1999; Fey et al., 2005).
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Plastoquinone is a mobile membrane-intrinsic electron carrier

that connects PSII with the cytochrome b6f complex and is

involved in both linear and cyclic electron transport (Allen, 2003).

Therefore, it is an ideal sensor for any alteration in the electron

flux through the transport chain. Thioredoxin is a small ubiqui-

tuous redox-active protein that is photosynthetically reduced by

ferredoxin, which in turn acquires its electrons from the photo-

synthesis electron end acceptor NADPH. It exists in several

subtypes and activates many chloroplast enzymes (e.g., en-

zymes of the Calvin-Benson cycle) via reduction of thiol groups.

By this means, it is responsible for light activation of many plastid

biosynthesis pathways and functional coupling of light and dark

reactions of photosynthesis (Schurmann, 2003; Buchanan and

Balmer, 2005; Schurmann and Buchanan, 2008). The redox

states of both components depend directly on the photosyn-

thetic electron flux and must therefore act as parallel signals that

both affect photosynthetic acclimation at the same time (Fey

et al., 2005; Piippo et al., 2006; Adamiec et al., 2008). Our

understanding of redox regulation of plant light acclimation is

further complicated since various stress-induced reactive oxy-

gen species (ROS), such as H2O2 or singlet oxygen (Apel and

Hirt, 2004; Mittler et al., 2004), and ROS scavenging molecules,

such as glutathione, ascorbate, or peroxiredoxins, contribute to

the intracellular redox signaling network (Dietz, 2003; Foyer and

Noctor, 2005; Mullineaux and Rausch, 2005).

A recently identified key regulator of photosynthetic acclima-

tion is the thylakoid-associated kinase state transition 7 (STN7),

which is essential for short-term acclimation (i.e., state transi-

tions; Bellafiore et al., 2005), and long-term acclimation (i.e.,

photosystem stoichiometry adjustment; Bonardi et al., 2005).

Both acclimation responses are controlled by the redox state of

PQ involving targeted phosphorylation of the light-harvesting

complex of PSII (LHCII) and transcription changes in chloroplast

and nuclear photosynthesis genes (Pfannschmidt, 2003). It is

important to note that in vitro LHCII phosphorylation was found

to be activated by a reduced PQ pool but to be inactivated by a

reduced thioredoxin pool (Rintamaki et al., 2000; Hou et al.,

2002). This strongly suggests that the activity of STN7 is con-

trolled by both redox systems in a hierarchical manner (Rochaix,

2007).

Photosynthetic redox signals are widely accepted as a novel

and important class of retrograde plastid signals from vital

chloroplasts that coordinate expression of photosynthesis genes

in both organelle and nucleus, in addition to signals from tetra-

pyrrole biosynthesis and signals from plastid gene expression

(Nott et al., 2006; Bräutigam et al., 2007; Pesaresi et al., 2007). To

study photosynthetic redox control of gene expression, different

approaches using mutants, inhibitors, or varying illumination

have been used (Pfannschmidt et al., 2009). Physiological sys-

tems that induce redox signals by generating excitation imbal-

ances between the photosystems were found to be especially

useful. Low-intensity excitation with artificial light sources that

preferentially excite PSI or PSII (PSI or PSII light, respectively)

induce either oxidation or reduction of the photosynthetic elec-

tron transport chain without induction of stress-related re-

sponses and provide an experimental system that can be used

for a wide range of organisms, including cyanobacteria, algae,

and plants (Melis and Harvey, 1981; Deng et al., 1989; Chow

et al., 1990; Melis et al., 1996; Pfannschmidt et al., 1999; Alfonso

et al., 2000; Kovacs et al., 2000; Tullberg et al., 2000; Fan et al.,

2007). This light systemmimics the natural light quality gradients

of dense plant populations and induces typical acclimation

responses, such as state transitions and photosystem stoi-

chiometry adjustment. In contrast with photomorphogenic re-

sponses, photosynthetic acclimation is reversible and can be

easily followed by shifting plants between PSI and PSII lights.

Recent studies demonstrated that light quality–induced redox

signals strongly affect gene expression, photosynthetic accli-

mation, and growth of Arabidopsis thaliana (Bellafiore et al.,

2005; Bonardi et al., 2005; Fey et al., 2005; Piippo et al., 2006;

Wagner et al., 2008).

In this article, we combined light quality–induced redox sig-

naling in Arabidopsis with systems biology approaches to ana-

lyze how photosynthesis integrates acclimation responses at the

levels of gene expression and metabolism. The data presented

provide a novel understanding of how photosynthetic redox

signals define the physiological framework by which plants

perceive and respond to their light environment.

RESULTS

Kinetics of Retrograde Redox Signals

The redox state of the photosynthetic electron transport chain in

Arabidopsiswasmanipulated by growing plants under either PSI

or PSII light (Fey et al., 2005; Wagner et al., 2008). Plants

acclimated to these lights were shifted to the alternate condition

to induce either a strong reduction (PSI-II light shift) (Figure 1A) or

a strong oxidation (PSII-I light shift) (Figure 1B) signal. The LTR to

such shifts was followed by collecting samples prior to the shift

(t 0 control) and at 0.5, 2, 8, and 48 h thereafter. Transcript profiles

from these samples were obtained using an established DNA

filter array with gene-specific tags (GSTs) for nuclear genes

encoding chloroplast proteins that represent the preferential

targets for plastid signals, including photosynthesis-associated

nuclear genes (PhANGs) (Kurth et al., 2002; Fey et al., 2005). In

the PSI-II shift experiment, the initial transcriptional response

occurred within the first 30 min following the shift, indicating

rapid transduction of chloroplast redox signals toward the nu-

cleus (Figure 1). In the PSII-I shift experiment, the response

appeared to be slower with the first genes reacting 2 h after the

shift. Also, further changes in the profiles during the course of

acclimation differed between the two treatments. In the PSI-II

plants (Figure 1A), numbers of downregulated genes decreased

and those of upregulated genes increased continuously in the

2- and 8-h time points. At 48 h, numbers of upregulated genes

slightly declined again, but the number of downregulated genes

displayed a large increase. By contrast, in the PSII-I plants

(Figure 1B), numbers of upregulated genes slightly decreased at

the 8-h time point, while the number of downregulated genes

displayed a strong transient increase, which almost completely

diminished after 48 h. The number of upregulated genes at this

time point increased again. Profiles of the final stage of accli-

mation (48 h) indicated that the reduction signal mainly induced

downregulation of gene expression, while the opposite occurred
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in response to an oxidation signal. Functional analyses indicated

that many genes regulated differed between the two experi-

ments. Thus, the two acclimation responses are not merely

mirrors of one another that oppositely regulate the same set of

genes but represent different response programs.

Although the light sources used here represent a low-light

system that does not generate direct light stress on photosyn-

thesis (Fey et al., 2005), it cannot be excluded that sudden

changes between PSI and PSII light maybe provoke the forma-

tion of ROS due to changes in electron flux. To test potential

interaction and/or overlap of photosynthetic redox signals with

effects of ROS in the short term, we determined glutathione

amounts and its redox states at the same time points as the

kinetic array analysis (Figure 1C). In both light shift experiments,

no significant changes in total glutathione contents were ob-

served at the beginning of the response. A slight increase was

found at end point of the PSI-II light shift, while the opposite was

observed at the end of the PSII-I light shift. The redox state of

glutathione was highly reduced under both light sources, and no

apparent changes in it were detected at any time point after the

shifts to the respective other light source. This excludes gener-

ation of relevant amounts of ROS even after a PSI-II light shift,

which causes a sudden reduction of the transport chain.

To corroborate the findings in our array experiment, we

performed independent expression analyses of a few genes

using RNA gel blot analyses (Figure 1D). Five genes were chosen

that exemplarily demonstrate how differential the expression

behavior of genes was after the light shifts. In detail, we analyzed

the photosynthesis genes PsaF (encoding a subunit of PSI) and

PsbO1 (encoding the 33-kD protein of the water splitting com-

plex of PSII), which displayed no marked changes after applica-

tion of a reduction signal but a clear decrease after an oxidation

signal. Furthermore, we used the photosynthesis gene PsbP1

(encoding another component of the water splitting complex),

which exhibit an increase after the reduction signal and a

decrease after the oxidation signal. The opposite expression

Figure 1. Experimental Setup and Expression Kinetics of Nuclear Genes for Chloroplast Proteins in Response to Redox Signals.

(A) and (B) Time courses of the PSI-II (A) and PSII-I (B) acclimation experiments are given on top, and number of regulated genes at the respective time

points are given below. Marked time points indicate harvesting of material after the respective light shift. Given are numbers of genes with significant

expression changes referred to the 0-h time point (t test, adjusted P < 0.05, n = 4 to 6, correction for multiple testing; Benjamini and Hochberg, 1995).

White, upregulated genes; black, downregulated genes.

(C) Content and redox state of glutathione during the course of light shift experiments. Plants were grown and samples of it were obtained as described

in (A) and (B). The material was used for determination of total amounts (black bars) and the proportion of oxidized (white bars) glutathione. The

respective light shift is indicated. Asterisks indicate significant different mean compared with the 48-h time point (n = 3, SD; Bonferoni test, P < 0.05).

(D) Validation of macroarray expression data by RNA gel blot analysis. Selected genes with different expression behavior were tested for their

accumulation at the 0- and 48-h time points (left and right lanes of each panel). Hybridization signals were detected using a phosphor imager. Relative

expression changes in the arrays are given beside the respective signal.
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signature was observed for two metabolism genes, MEE14 (for

maternal effect embryo arrest 14) and CPE1 (for cysteine pro-

teinase inhibitor-related protein). The gene expression changes

observed in the RNA gel blot analyses were comparable to the

expression changes in the array analysis (see fold expression

changes given in Figure 1D) and confirm the validity of the results

of this experiment. This is in line with earlier reports demonstrat-

ing the reproducibility of gene expression changes found using

this array (Kubis et al., 2004).

Expression Patterns of Functionally Related Gene Groups

and Primary Regulated Genes

PhANGs are known to be preferential targets of retrograde plastid

signals; however, in most studies, just a few representative

genes, such as Lhcb1, RbcS, or PetE (encoding the chlorophyll

binding protein 1 of the LHCII, the small subunit of ribulose-

1,5-bisphosphate carboxylase/oxygenase, and plastocyanin)

were tested (Susek et al., 1993; Pfannschmidt et al., 2001;

Ruckle et al., 2007). Here, we analyzed the expression behavior

of thewhole functional group during the time course of the kinetic

and compared it to other groups of functionally related genes

encoding components for carbohydrate, amino acid, and other

metabolism. To this end, the expression data were imported into

the Mapman software (Thimm et al., 2004; Usadel et al., 2005),

and gene expression changes within functional groups were

visualized (see Supplemental Figure 1 online). The expression

behavior of such groups was then determined by averaging

expression changes of all genes within a given functional group

or bin (see Supplemental Figure 1 online) at each time point

(Figure 2A) (mean expression change). In response to a reduction

signal, PhANGs displayed only very weak reaction with a slight

tendency to decrease after 30min and a clear repression after 2 h

(Figure 2A). After 8 h, the repression diminished and at 48 h up-

and downregulated genes achieved an almost neutral balance

exhibiting just a slight decrease with respect to the zero time

point. In response to the oxidation signal, a completely different

pattern was observed. After 30 min, PhANGs exhibited weak

changes with a slight tendency to decrease, while after 2 h,

increased expression in comparison to the zero time point was

observed. After 8 h, the expression started to decline, and at 48

h, PhANGs were clearly repressed, displaying a continuously

Figure 2. Dynamics of Gene Expression Changes in Response to Redox Signals.

(A) Expression kinetics of functional groups of genes. The array data were imported into the MapMan software, and expression changes in comparison

to the 0 time point were visualized (see Supplemental Figure 1 online). Expression changes of all genes in one functional group according to the

classification of Biehl et al. (2005) (photosynthesis, carbohydrate metabolism, amino acid metabolism, or residual metabolism) were calculated,

averaged, and given as mean expression value, which reflects the reactions of the complete functional group during the course of the kinetic

experiment.

(B) PRGs. Genes regulated 2.5-fold at the 30-min time point after a reduction signal (58 genes) and 2 h after an oxidation signal (28 genes) were assigned

to nucleic acid binding/transcription, protein binding/metabolic function, enzymatic activity, development, transport, miscellaneous, or unknown (pie

chart). For gene identity and detailed functional classification, see Supplemental Data Set 1 online.
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increasing repression during the experiment. Genes for carbo-

hydrate metabolism, including sugar and starch metabolism,

revealed different expression patterns (Figure 2A). These profiles

displayed a weak reaction in response to a reduction signal after

30 min with a tendency to decline. After 2 h, a neutral expression

balance was achieved and a slight increase after 8 h. After 48 h, a

strong general decrease was observed. In response to the

oxidation signal, we observed first similar expression changes

as to the reduction signal with a general decrease after 30 min,

followed by an increase after 2 h. Then, a strong downregulation

occurred after 8 h followed again by clear upregulation at the 48-

h time point. The same expression profiles were observed for

amino acid and all other functional metabolic groups (Figure 2A).

Thus, at the final stages of the two experiments, the transcript

profiles opposed one another. In PSI-II plants,metabolism genes

are mainly downregulated, while in PSII-I plants, these genes

appear to be mainly upregulated. By contrast, PhANGs are

clearly downregulated in PSII-I, while in PSI-II plants, they appear

to reach a more balanced expression level. We found this

expression behavior significantly different from all other func-

tional groups of genes (see Supplemental Table 1 online), indi-

cating a specific regulation of this gene group by photosynthetic

redox signals. Thus, retrograde redox signaling regulates PhANG

expression in a specificway but also that of genes for othermajor

functional groups with a special emphasis on those associated

with metabolism.

The expression profiles suggest early, middle, and late re-

sponsive genes, implying a cascade of regulatory events that

may affect expression of many genes by indirect means. We

assumed that genes directly regulated by photosynthetic redox

signalswould respondquick and clearly. To identify such primary

regulated genes (PRGs), we investigated the first reacting genes

(after 30min and 2 h, respectively) for those that exhibited at least

2.5-fold up- or downregulation. Fifty-eight genes from the PSI-II

and 29 from the PSII-I experiment met this criterion (Figure 2B;

see Supplemental Data Set 1 online). We found that PRGs do not

comprise one distinct functional gene group but cover several

groups. Regulated genes identified in the both experiments,

however, mainly encode components with regulatory functions,

including several transcription factors and protein interaction or

modification factors that may initiate the regulation of secondary

and tertiary target genes. Thus, photosynthetic redox regulation

of nuclear genes for plastid proteins appears to be a very

complex network process rather than a direct pathway. To get

deeper insights into this regulation, we tried to identify regulatory

elements in front of the PRGs. We analyzed the potential pro-

moter regions of the genes to test if some common regulatory

cis-elements exist and found a number of known promoter

elements mainly involved in light regulation and development

(see Supplemental Table 2 online). However, we did not find a

common component that could serve as a potential redox-

responsive element. This might suggest that redox signals may

affect upstream components of the cellular signaling network of

plants and interact with other light signaling pathways as has

been suggested earlier for other plastid signals (Kusnetsov et al.,

1996; Ruckle et al., 2007). To test this, PRGs were analyzed for

characteristic expression signatures of other light-dependent

physiological influences, such as ROS-induced expression

changes or phytochrome-mediated responses by comparison

to profiles housed in various publicly available databases (see

Supplemental Figure 2 online). Only very little overlap was

observed between the PRGs defined here and the gene expres-

sion signatures from other experiments, indicating that the

responses described here are distinct from those induced by

ROS or other light signaling pathways. Thus, the expression

patterns observed here are unique to photosynthetic redox

signals. To confirm the dominant nature of redox signals in our

light shift experiment, we performed an additional array exper-

iment in which we compared the response of the wild type to a

reduction signal after 30 min with the respective response in the

stn7mutant (seeSupplemental Figure 3 online). Due to the lack of

the STN7 kinase, this mutant is expected not to respond to the

reduction signal from the PQ pool; thus, redox-controlled genes

in the nucleus should not display any significant expression

changes. In the wild type, 937 genes were found to be signifi-

cantly regulated 30 min after the reduction signal. Eight hundred

of them showed no reaction in the stn7mutant, indicating that the

great majority (85%) of the genes responding to the light shift is

under redox control and that other light-dependent signaling

mechanisms play a minor role in this experimental setup.

Influences of LTR on Plant Primary Photosynthates

The observed regulation of PhANG expression can be easily

explained with the reorganization of the photosynthetic appara-

tus during the LTR; however, there is no obvious reason for the

extensive regulation of metabolism genes. Given that transcrip-

tional changes do not always correspond with those observed at

the functional level (Gibon et al., 2006), we next tested whether

the impact on metabolic genes was reflected in the metabolic

states of plants at the end of acclimation (corresponding to the

48-h time point in the kinetic experiments). PSI and PSII-I plants

showed 40 to 50% reduction in starch accumulation when

compared with PSII and PSI-II plants (Figure 3A), whereas total

protein and fatty acid accumulation as well as specific fatty acids

remained constant (Figures 3B and 3C; see Supplemental Figure

4 and Supplemental Table 3 online). Thus, light quality acclima-

tion appears to influence the major intermediate energy storage

component of leaves and starch, while the metabolism of chlo-

roplast lipids and proteins remains unaltered. Nevertheless, the

cellular energy state (indicated by ATP/ADP ratio) was found to

be relatively constant in all plants (with values varying between

0.5 and 0.8 [Figure 3D] in comparison to 2.2 in white light–grown

plants [Wormuth et al., 2006]). Our data therefore suggest a low

but stable energy status of the plants irrespective of the growth

light regimes we applied. Calculation of the redox state of the

NADP pool indicated a high NADPH/NADP+ ratio in PSI- or PSII-I

plants and a low one in PSI-II andPSII plants, respectively (Figure

3E). In fact, that reported in PSI light was of similar magnitude to

that only reported previously for plants grown under electron

transport reducing conditions (;100 mE white light) (Wormuth

et al., 2006). To obtain additional experimental data on the NADP

redox state, we determined the activation state of the NADP-

dependent malate dehydrogenase (MDH), which serves as a

proxy for the coupled redox states of the NADP and thioredoxin

pools (Figure 3F). This revealed that the MDH activation state
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was significantly higher in PSI than in PSII plants, suggesting that

under PSI light, the NADP/thioredoxin system indeed might be

more reduced than under PSII light. Shifting plants to the

respective other light source reversed this situation.

In time-course experiments, we observed that changes in

starch accumulation increased upon a PSI-II light shift within the

first 2 d, followed by a decrease reaching a stable level at days 4

and 6, which was significantly higher than before the shift. By

contrast, starch amounts decreased within the first 2 d after a

PSII-I light shift (Figures 3G and 3H). Thereafter, the starch level

remained constant, indicating that an equilibrium has been

reached after the respective light quality acclimation. The

changes in starch levels occurred within the same time frame

in that reconstruction of the photosynthetic apparatus during the

LTR occurs (Pfannschmidt et al., 2001). This suggests that the

LTR stabilizes the energy state of the plants under continuous

PSI or PSII light by redirecting storage energy.

LTR Induces Two Distinct Metabolic States

To further investigate this apparent differential energy resource

allocation, we performed metabolic profiling 48 h after the light

shifts. We focused on amino acids, sugars, and several precur-

sor molecules for important catabolic and anabolic pathways

(see Supplemental Table 4 online). A cluster analysis of all

metabolite data collected indicates that a number of important

organic acids (e.g., glycerate, pyruvate, and shikimate) and

several amino acids that are precursor metabolites of secondary

metabolism (e.g., Trp or Phe) (Figure 4A, bars 1 and 2) are

coregulated. The same is true formost sugars and sugar alcohols

(Figure 4A, bar 3). The cluster analysis demonstrates that PSI and

PSII-I plants were similar in their metabolite content, as were the

PSII and PSI-II plants. In a principal component analysis, plants

acclimated to PSII light, PSI light, or white light each exhibited

different metabolic states and shifts between the light sources

Figure 3. Primary Photosynthate Parameters.

(A) to (F) Arabidopsis plants were acclimated to the four standard growth programs, and basic metabolites were determined at the end of the

acclimation response. Starch (A), protein (B), fatty acids (C), ATP/ADP ratio (D), NADPH/NADP+ ratio (E), and activation state of NADP-dependent

MDH (F).

(G) and (H) Time course of changes in starch accumulation after indicated light shift.

fw, fresh weight. Data represent means 6 SD (n = 3 to 4). See Methods for details.
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Figure 4. Metabolic Profiling.
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readjusted the metabolic profiles in such a way that PSI-II plants

aremore similarly to PSII plants than to PSI plants (Figure 4B). The

opposite reaction was found for the PSII-I plants, which showed

far greater resemblance to PSI than to PSII plants. This indicates

that the LTR directs the metabolism into distinct states in a

reversible manner that correlates well to the transcriptional re-

sponses of genes associated with metabolism described above.

For an overview, the relative changes ofmetabolite levels were

plotted within the context of a metabolic scheme (Figure 5). This

data projection clearly revealed four different groups of metab-

olites based on their relative changes upon light quality shifts.

The largest group represents metabolites that remain stable in

their pool size regardless of the light treatment. Most importantly,

this includes sucrose, the principal transport carbohydrate. The

second group is comprised of metabolites that are oppositely

regulated in the two light conditions. Interestingly, all compounds

upregulated after a PSI-II light shift were found to be down-

regulated after a PSII-I light shift. This includes important organic

acids, such as glycerate, shikimate, and pyruvate and the two

amino acids Thr and His, but no sugars. Only one component,

Gln, was upregulated after a PSII-I light shift and downregulated

after a PSI-II light shift. Together with His, it forms an oppositely

regulated pair of metabolites. The third group is a number of

metabolites that were downregulated in the PSI-II plants but that

remained stable in PSII-I plants, including several sugars and two

amino acids. In the fourth group are metabolites that exhibited

stable pools in PSI-II plants but that were downregulated in PSII-I

plants, including some amino acids and malate. In summary, a

PSI-II shift resulted in a decrease in primary products of photo-

synthesis, such as sugars, but an increase in important interme-

diates of subsequent metabolic pathways. By contrast, a PSII-I

shift has no effect on the sugar pools but leads to general

downregulation of many subsequent metabolites, including

amino acids and organic acids. Stabilization of sugar pools in

PSII-I plants is most likely achieved by the redirection of storage

energy (e.g., from starch) into other metabolic pathways, result-

ing in a stable levels of soluble energy equivalents. In PSI-II

plants, sugar contents are reduced, but a stable energetic state

of the cell is achieved by an increase in many other metabolites.

Thus, the LTR induces two distinct metabolic states with char-

acteristic differences, which we designate here as metabolic

state 1, corresponding to PSI light–acclimated plants, and met-

abolic state 2, corresponding to PSII light–acclimated plants.

Transition Kinetics between Metabolic States 1 and 2

To learn more about this metabolic reprogramming, we per-

formed light shift experiments with plants as in our array exper-

iments and determined changes in the amounts of selected

metabolites along the time course of acclimation (Figure 6).

These experiments uncovered that many metabolite pool sizes

were established in a discontinuous manner, exhibiting transient

changes that were not reflected by the end point analyses. The

most prominent example of this is sucrose, which was found to

be stable upon shifts between metabolic states 1 and 2. In the

PSI-II light shift, the sucrose amounts displayed a transient peak

with a rapid increase after 30 min and 2 h and a decrease to the

original level after 8 and 48 h. By contrast, in a PSII-I light shift,

sucrose remained fairly constant under all conditionswith a slight

tendency to decline at 48 h. Gln displayed general downregula-

tion in the PSI-II light shift and upregulation in the PSII-I light shift,

however, with a transient increase at the 2-h time point in the PSI-

II shift experiment. For Thr, we observed opposite trends with a

slight increase in the PSI-II light shift and a slight decrease in the

PSII-l light shift. As in the case of sucrose, we found a transient

peak at 30min and 2 h, which diminished after 8 h, but this time in

the PSII-I shift experiment. Met revealed almost stable pool sizes

in the PSI-II light shift with a slightly increased plateau at 30 min

and 2 and 8 h and a tendency to decrease in the PSII-I light shift.

However, all changes were very small. Glycerate exhibited a

clear increase in the PSI-II light shift and a small decrease in the

PSII-I shift experiment. However, the latter experiment revealed

a transient increase as well as a subsequent decrease. Malate

remained stable in the PSI-II light shift but exhibited a transient

increase as sucrose. In the PSII-I light shift, the metabolite

decreased but exhibited also a transient increase at the 30 min

and 2 h time point. In summary, each of the selected metabolites

exhibited a different accumulation profile for establishing the final

pool size, indicating high complexity by which the two metabolic

states were achieved. Another important conclusion from these

experiments is that most metabolites require the full time range

of the LTR to establish a novel equilibrium that is similar to the

changes in the gene expression profiles. Obviously, the cellular

networks require a considerable time range to fully respond to the

sudden light shifts. The dynamic changes observed in both time

course experiments exacerbate conclusions on causal relation-

ships in the responses, but it is interesting to note that the

transient increase in sucrose correlates in time with a transient

decrease of the photosynthesis genes in the PSI-II light shift.

Physiological Consequences of the Metabolic States

Our observation of metabolic reprogramming produces a num-

ber of predictions that should be testable experimentally. One of

these is that the resource allocation from starch into other

metabolite pools should become limiting for plant growth under

conditions when starch becomes essential as energy source

(e.g., in the dark). Usually, plants in our light regimes are

Figure 4. (continued).

Metabolites were determined in six samples (a to f) per light regime (PSI, PSI-II, PSII, PSII-I, and white light).

(A) Hierarchical cluster analysis. Dendrograms summarize relatedness of metabolites (right) and samples (top). The heat map reflects increased

(magenta) or decreased metabolite levels (green) with respect to the row and column mean. Bars indicate coregulated metabolites.

(B) Principal component analysis. Given principal components cover 59% of total variance in the data set. Percentage of variance explained by each

component is given. Each data point represents an independent sample. Red, metabolic state 1; yellow, metabolic state 2; gray, metabolic state in

white light.
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illuminated 24 h per day to damp circadian rhythms. Under these

conditions, Arabidopsis plants do not exhibit differences in

rosette growth and seed production, demonstrating that the

LTR is very effective in counterbalancing of the light gradients

(Wagner et al., 2008). To test if themetabolic reprogramming can

induce a phenotype, plants were grown under PSI and PSII light

with dark periods of increasing length. This changes the time

relation of starch production to starch consumption and in-

creases the demand for starch as energy source in plant growth

(Figure 7A). In addition, we compared the response of the wild

Figure 5. Metabolic States of Plants Shifted from PSI to PSII light (PSI-II, Metabolic State 2) and Vice Versa (PSII-I, Metabolic State 1).

The scheme contains central metabolic pathways of sugar and amino acid metabolism as well as the citric acid cycle (Kolbe et al., 2006). Statistical

differences in metabolite accumulation after the given light shifts were calculated (Student’s t test, P# 0.05, n = 4 to 6) and indicated by color code (red,

increase; green, decrease). Gray, not measured; black, no significant difference. Asterisks indicate metabolites with significant changes after employing

a correction for multiple testing (Benjamini and Hochberg, 1995).
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type and the mutant stn7, which is deficient both in state

transitions and LTR due to the lack of the thylakoid-bound

kinase STN7 (Bellafiore et al., 2005; Bonardi et al., 2005). A short

night (8 h dark) gave no visible differences in growth; however, a

long night (16 h dark) resulted in severe growth retardation under

PSI light, both for the wild type and the stn7 mutant (Figure 7A).

Thus, the lower accumulation of starch in PSI light becomes

limiting for growth under these conditions. Furthermore, the stn7

mutant exhibited additional growth retardation in both conditions

in comparison to the wild type. The effect under PSII light can be

best explained by the lack of input of reduction signals from the

PQ pool on the signaling network underlying photosynthetic

acclimation since the central transducer, STN7, is absent. De-

termination of starch in the stn7mutant revealed that under PSII

light this storage metabolite accumulates only to the level of PSI

plants (Figure 7B). This observation is entirely consistent with

similar sizes of wild-type PSI plants and stn7 PSII plants (Figure

7A). By contrast, under PSI light the PQ pool is largely oxidized

and the STN7 kinase is inactive (Wagner et al., 2008); thus, its

deficiency cannot cause the additional retardation effect ob-

served here. To a large extent, starch metabolism depends on

the thioredoxin redox state and its effects on the controlling

enzymes of starch synthesis (Geigenberger et al., 2005). We

therefore determined theMDH activation state in the stn7mutant

(Figure 7B). We could not observe the same differences as in the

wild type but found a deregulation with an activation state lying in

average between that of wild-type PSI and PSII plants. This

indicates that the redox state of the thioredoxin system is stable

regardless of illumination condition. Thus, an adjustment of

metabolism to metabolic state 1 might be repressed in the stn7

mutant by an inability in adapting thioredoxin redox state to the

respective light condition.

DISCUSSION

Photosynthetic Redox Signaling Is Very Dynamic

Recent studies investigating the impact of photosynthetic redox

signals on nuclear gene expression were performed at single

distinct timepoints, resulting in static views of regulation patterns

(Fey et al., 2005; Piippo et al., 2006; Adamiec et al., 2008). In

recent studies themonitoring of changes in chlorophyll a/b ratios

and reporter gene expression in transgenic tobacco (Nicotiana

tabacum) in our light system displayed the first significant

changes after 3 to 12 h (Schutze et al., 2008; Wagner et al.,

2008), suggesting that gene expression changes might occur

faster. So far, no very early time points have been investigated.

Our kinetic array analysis includes such time points and dem-

onstrates that transcriptional responses in the nucleus to pho-

tosynthetic redox signals are very dynamic and rapid, resembling

the time range observed for the transduction of redox signals

within chloroplasts (Pfannschmidt et al., 1999). This suggests

that the signals are most likely transduced by preexisting path-

ways or mechanisms. However, the reaction to an oxidation

signal appeared to be slower than to a reduction signal that is

consistent with earlier observation at the physiological level

where we found similar differential kinetics in changes of the

Figure 6. Kinetics of Metabolite Changes in Response to Redox Signals.

Plants were grown and samples obtained as described in Figure 4.

Values for metabolite levels under the different light regimes represent

mean and SE of five independent measurements. Asterisks indicate

significantly different mean compared with the respective 0 time point

(Student’s t test, P # 0.05, n = 5).
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chlorophyll fluorescence parameter Fs/Fm (Wagner et al., 2008).

This suggests that these signals are mediated via different path-

ways, which would also explain the different response programs

activated in the two experiments. Another important conclusion

from our kinetic experiment is that the observed impact on

nuclear gene expression depends not only on the signaling

system activated but also on the time point of observation and

argues for further kinetic analyses also under other environmental

conditions, such as light intensity or temperature shifts.

The dynamic changes in the expression profiles during the

course of the response suggest a step-by-step cascade of

regulation events in which redox signals regulate PRGs that

activate further downstream regulation events. This is of partic-

ular interest for the assumed predominant target genes for

photosynthetic redox signals, PhANGs. In our study, only a few

PhANGsexhibited significant changes in transcript accumulation

at early time points. However, a clear impact on the whole

functional group became visible during the further course of the

responses, resulting in distinct differences to each other at the

end of the LTR as well as to metabolism genes during the whole

course of the kinetic. Recently, GOLDEN2-LIKE transcription

factors were reported to coordinate the expression of photosyn-

thesis genes and therefore represent interesting candidates as

LTR regulators (Waters et al., 2009). However, such factors were

not among the identified PRGs, but a high number of other

transcription factors. Interestingly, we also identified SIG1, a

plastid-localized transcription initiation factor of the plastid-

encoded RNA polymerase. Its ortholog in rice (Oryza sativa)

was reported to be of importance for the regulation of plastid-

encoded photosynthesis genes (Tozawa et al., 2007). Besides

transcription, it is likely that early redox signals act in parallel at

other levels of regulation that have an impact on the functional

group of photosynthesis genes and were not addressed here,

such as posttranscriptional or translational regulation. Existence

of such mechanisms has been shown earlier (Petracek et al.,

1997, 1998; Sherameti et al., 2002; Frigerio et al., 2007). Unrav-

eling thedetails of this regulation network and the relation to other

signal transduction networks, such as those for photoreceptors

or other plastid signals, will be a challenging field for future

research. The expression signatures in the array analyses, how-

ever, display only very small overlap with already known tran-

script profiles in response to other environmental signals. Thus,

the responseprograms to reduction andoxidation signals appear

to be distinct and unique, pointing to a high independence from

other signaling networks. This conclusion is further confirmed by

the additional array experiments with the stn7 mutant, in which

85%of all genes reacting to a reduction signal from thePQpool in

the wild type do not exhibit any expression change.

Metabolic Changes Contribute to LTR

So far, the LTR has been regarded as a mechanism that solely

affects the structure of the photosynthetic apparatus to improve

light use. Our study indicates that the LTR, in addition, involves

Figure 7. Physiological Consequences of Metabolite Reprogramming.

(A) Starch requirement for plant growth was forced by changing the relation of starch production (Light) to starch consumption (Dark) periods in a 24-h

period (indicated by white and black bars on top of the figure). The wild type and stn7 mutants were grown in parallel on soil. After 3 weeks of

precultivation in white light on soil, plants were set in either PSI or PSII light for 15 weeks with an 8-h night (16/8) or an 8-h day (8/16). Controls received

24 h of light (24/0). Representative examples after growth in 8/16 are shown.

(B) Starch accumulation and MDH activation state in the stn7 mutant after growth in continuous light. Data represent means 6 SD (n = 3). Starch

accumulation of the wild type under PSII light was set as 100%. Asterisks indicate that the mean values for starch and MDH activation state of PSI and

PSII-I wild-type plants were found to be significant different from that of PSII and PSI-II plants (Student’s t test, P # 0.05, n = 6).
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directed metabolic adjustments, indicating that photosynthesis

has direct regulatory impact onmetabolite pool sizes. This is in line

with a recent report demonstrating that light intensity shifts also

result in metabolic reprogramming (Frenkel et al., 2009). Thus, our

data explain long-term light quality acclimation as a combinatorial

readjustmentofphotosystemstoichiometry andmetabolic activity

by the combined impact of photosynthetic redox control on gene

expression and enzyme networks. This integrates redox control of

energy metabolism into the context of acclimation. Interestingly,

state transitions in Chlamydomonas reinhardtii have been ex-

plained as a similar mechanism shifting the unicellular alga be-

tween two extreme metabolic states, ATP generation by cyclic

electron transport or linear electron transport (Wollman, 2001).

State transitions in thisunicellular algaaremuchmorepronounced

than in higher plants, an effect which is probably due to the

requirement that a unicellular organism needs to respond much

more drastically to environmental changes because of its limited

resources. It appears that the major role of state transitions in

Chlamydomonas is to reach ATP homeostasis. Here, we also

observed relatively stable ATP/ADP ratios, however, at a very low

level that is far below known values for white light–grown plants

(Figure 4D; Wormuth et al., 2006). Our metabolite profiling also

confirms that metabolic states 1 and 2 are different from that in

white light–grown plants (Figure 4B), suggesting that this is a

specific strategy to redistribute metabolic energy under light-

limited conditions. These data also demonstrate that, like Chla-

mydomonas, higher plants can shift between distinct metabolic

states in a reversible way that is much more sophisticated than a

simple on-off switch by light–dark transitions. Furthermore, these

metabolic states are obviously adapted to the respective func-

tional state of photosynthesis under the two illumination condi-

tions.Ourgrowthexperimentwith increasingdarkperiods resulted

in conditional phenotypes that made this resource allocation

visible, indicating that these two metabolic states do possess

direct relevance for plant growth performance. The enhanced

phenotypes of the stn7 mutant, in addition, clearly demonstrate

that the metabolic reprogramming is not functional after genetic

suppression of the LTR, indicating that it is really controlled by

photosynthetic redox signals. It could beargued that the observed

resourceallocation is simply causedby the lackof state transitions

in the stn7mutant; however, the physiological setup of the growth

experiments does exclude this possibility. At the end of the dark

period, plants are in state 1 and a shift into PSII light then induces a

state 2 transition, which does not take place in the stn7 mutant.

However, the enhanced phenotype of themutant occurs onlywith

a 16-hdarkperiodbut notwith an 8-hdarkperiod, indicating that a

long-term process rather than the lack of the state transition is the

decisive parameter for the phenotype. This is supported by the

experiment when plants are shifted from the dark into PSI light.

Here, the plants remain in state 1 and no state transitions occur at

all; however, the mutant still exhibited an enhanced phenotype,

indicating that the suppression of the LTR is the reason for the

observed growth differences. These observations demonstrate

thatphotosynthesishasastrong impactonplantdevelopmentand

also support the notion that redox signaling networks seem to act

largely independently from other light signaling networks, such as

those controlled by photoreceptors. This is in line with our con-

clusion fromthecomparisonof expressionsignatures inPRGsand

photoreceptor-controlled genes (see Supplemental Figure 2 on-

line) as well as from the results of our additional array experiment

(see Supplemental Figure 3 online).

Two Adjustment Loops Constitute Long-Term Light

Quality Acclimation

Based on our data, we propose an extended model for the

establishment of LTR (Figure 8). Any imbalance in excitation

energy distribution caused by environmental changes generates

changes in the redox states of electron transport components or

coupled redox mediators (i.e., PQ and thioredoxin), which serve

as signals that regulate two parallel adjustment loops. In the

photosynthetic adjustment loop, expression of photosynthesis

Figure 8. Model of Photosynthetic and Metabolic Adjustment Loops

during Photosynthetic Long-Term Acclimation.

Chloroplast and nucleus compartments are shown as an oval and circle,

respectively. The photosynthetic electron transport chain is drawn

schematically as a dark-gray sensor box perceiving the environmental

light (P, plastoquinone pool; C, cytochrome b6f complex; T, thioredoxin

pool). Light-induced redox signals originating from this sensor box (black

arrows) affect plastid gene expression and metabolism (the white arrow

circle represents the Calvin-Benson [CB] cycle). In parallel, redox signals

are transmitted to the nucleus where they affect a cascade of primary,

secondary, and tertiary regulated genes (PRGs, SRGs, and TRGs), which

lead to changes in corresponding photosynthesis (PS) and metabolism

(M) proteins. These are transported into the plastid where they contribute

to formation of novel components of the photosynthetic electron trans-

port chain or changes in enzyme pools of the metabolism.
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genes is affected, resulting in changes of amounts of proteins for

the photosynthesis apparatus. These support a structural re-

configuration of the whole apparatus, which optimizes light

harvesting and utilization under the respective environmental

condition. In the metabolic adjustment, loop redox signals affect

metabolic processes within the plastids (and most probably also

in the cytosol) and the expression of metabolism genes in the

nucleus. This leads to changes in the accumulation of metabolic

enzymes, resulting in changes of metabolite fluxes and the

establishment of different metabolic states. These states, in turn,

are adapted to the efficiency of photosynthetic function and the

production of primary photosynthates required for metabolic

reactions. By this means, photosynthesis serves as a sensor box

for plants that integrates various environmental influences, such

as light, temperature, or CO2 availability, and adjusts its own

structure and metabolite pools accordingly. Both adjustment

loops consist of an inner and an outer loop. The inner loop is

located within the plastid and involves the well-known redox

regulation of plastid gene expression and photosynthetic dark

reaction (see Introduction). The outer loop extends to the cytosol

and nucleus and affects photosynthesis and metabolism genes

in distinct patterns (cf. Figure 2) by a sequential activation or

repression of primary, secondary, and tertiary genes. The ex-

pression changes finally lead to changes of corresponding

proteins that are imported into the plastid. The inner regulation

loop provides a means for integration of these cytosolic proteins

into plastid functions in a plastid-autonomous and specific way

that satisfies the demands of the single plastid. By contrast, the

outer loop reflects the general demands of the whole cell since it

reflects the integration of the redox signals from all plastids. Our

kinetic experiments both at the levels of gene expression and

metabolite pools indicate that these loops require a considerable

amount of time (i.e., days to establish a novel equilibrium after a

change in the environment). In this context, photosynthetic short-

term acclimation, such as state transitions or nonphotochemical

quenching, may serve as buffering systems that minimize or

damp quick oscillations of redox signals created in the photo-

synthetic apparatus by the highly fluctuating environment. Such

damping systems lead to a stabilization of the metabolic fluxes

and hence optimize plant primary production. This is in agree-

ment with recent reports studying the function of such short-term

responses (Tikkanen et al., 2006; Frenkel et al., 2007, 2009). The

tight functional linking between the photosynthetic and meta-

bolic adjustment loops suggests that any disturbance in one of

the (inner or outer) loops will have an impact on the others by

feedback mechanisms. This can be observed in many mutants,

for example, with defects in photosynthesis that display changes

in metabolites or in metabolism mutants that display changes in

photosynthesis (Walters et al., 2003, 2004; Hausler et al., 2009).

Coordination of Photosynthesis, Gene Expression, and

Metabolism in the LTR

Our model provides a mechanistic idea for a very precise fine-

tuning of gene expression and metabolism in photosynthetic

light acclimation; however, it is unclear how the respective

illumination condition is actually sensed. An oxidized or reduced

state of the PQ pool as induced by PSI or PSII light would not be

an unambiguous signal since this leads to overlaps with situa-

tions of the redox states in the dark or white light. Therefore, we

assume that a second component or parameter is necessary to

indicate the residing light environment. A likely candidate is the

redox state of the thioredoxin pool, which seems to be also

affected by the light sources. Redox signaling gradients have

been proposed for thioredoxin control of enzyme activities

(Schurmann and Buchanan, 2008), and it is possible that the

combination of redox changes in the PQ and thioredoxin pools

act as cooperative signals that coordinate gene expression and

metabolism. TheMDH activation state suggests amore oxidized

redox state of thioredoxin in PSII than in PSI light, which con-

trasts the general expectation and conclusions from a compa-

rable study (Piippo et al., 2006). On the other hand, this would

provide additional degrees of freedom in generation of photo-

synthetic redox signals by means of a binary redox control mode

in which pairs of redox states from PQ and thioredoxin generate

distinct signals that would be sufficient to represent a number of

different illumination conditions. Determining if this binary redox

control mode is really functional requires further experimental

confirmation, including direct determination of thioredoxin redox

states. However, cooperative redox signaling is not an unknown

phenomenon since it has been proposed earlier to regulate

translation initiation of the psbA gene in Chlamydomonas, activ-

ity of the LHCII kinase, and chloroplast gene expression in plants

(Rintamaki et al., 2000; Trebitsh et al., 2000; Trebitsh and Danon,

2001; Hou et al., 2002; Pfannschmidt and Liere, 2005; Rochaix,

2007; Lemeille et al., 2009; Steiner et al., 2009).

Two other questions arise from our experiments: (1) what is the

physiological function of the metabolic adjustment, and (2) how

are the redox signals transmitted from the chloroplast to the

nucleus? In PSII-I plants, many sugars remained stable, while

many othermetabolite pools, including starch, decreased in their

size, which is consistent with the activation of many enzymes by

a more reduced thioredoxin system and the increased expres-

sion of many metabolism genes. In PSI-II plants, a number of

sugar pools were downregulated, while many metabolites and

starch were upregulated. This is consistent with a decrease in

metabolism gene expression and downregulation of enzyme

activities via a more oxidized thioredoxin system. Most impor-

tantly, sucrose remained stable under both conditions. It is

conceivable that this stabilization is the major goal of the met-

abolic shifts observed here. Resource allocation between me-

tabolite pools thus could provide a buffering system generating

sucrose homeostasis in the plant under varying and different

illumination conditions. However, the kinetic experiments with

selected metabolites clearly indicated that the novel metabolic

states are established dynamically with highly variable accumu-

lation patterns. Most importantly in the context of cellular

energy resources was the observation that in the PSI-II light shift

experiment a transient sucrose peak occurs in which sucrose

increased from 15 to 35 mmol/g fresh weight (corresponding to

an increase from ;15 to 35 mM if it is assumed that sucrose is

equally distributed within the cell). High concentrations of su-

crose have been reported to repress photosynthesis gene ex-

pression and to induce genes of storagemetabolism (Rook et al.,

2006). This is precisely what can be found in the expression

patterns of the array kinetic and suggests an interaction of redox
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signals with the sugar signaling network. Interaction of redox and

sugar signals in regulation of photosynthesis gene expression

has been reported earlier, however, in a different physiological

system, namely, Arabidopsis cell suspension cultures (Oswald

et al., 2001). The increase in sucrose correlates with an increase

in starch levels (Figure 3G), and it is conceivable to assume that

the surplus of sucrose is used to synthesize this storage com-

pound, which in turn would explain the transient nature of the

sucrose peak. Thus, can it be concluded that the redox signal is

converted into a sugar signal? At this stage of knowledge, this

cannot be finally answered; however, it appears unlikely since in

the PSII-I light shift, no changes in sucrose concentrations occur

at all, but photosynthesis genes are downregulated, pointing to

sucrose-independent regulation of the gene group in the light

system. This suggests that the transient sucrose peak following

the PSI-II light shift maymerely be the result of downregulation of

sucrose consumption, which is then counterbalanced by in-

creased starch synthesis. On the other hand, the stn7 mutant

does not show any increase in starch upon a PSI-II light shift

most probably since it is unable to transmit the right redox

signals. It was shown that an interaction of redox and sugar

signals is required for regulation of starch synthesis, suggesting

that bothmust be active at the same time rather thanworking in a

sequential manner (Kolbe et al., 2005; Michalska et al., 2009).

Unraveling the precise interactions in this regulation will be a

major task of future research. However,maintaining the transport

carbohydrate sucrose at a constant level provides a good

explanation for the equal seed production of Arabidopsis

grown under PSI and PSII light as observed earlier (Wagner

et al., 2008).

In summary, our study indicates that in plants, a complex

photosynthetic control performs fine-tuning not only of photosyn-

thesis but also of metabolic reactions especially under light-

limiting conditions. Retrograde redox signals therefore represent

an integral part of the cellular signaling systemplaying an essential

role under physiological conditions and demonstrating the impor-

tance of the concept of operational control of plastids (Pogson

et al., 2008). This fine-tuning is essential for efficient energy

conversion and maximum plant fitness pointing to an important

target for plant yield improvements in dense plant populations,

such as crop fields or forests, where strong light gradients persist.

METHODS

Growth Conditions and Plant Material

Arabidopsis thaliana wild-type (Columbia) and stn7 mutant plants were

grown on soil and acclimated to PSI or PSII light as described earlier (Fey

et al., 2005; Wagner et al., 2008). White light control plants were grown at

;35 mmol photons m22 s21 PAR. The original seeds for stn7 T-DNA

insertion mutants were kindly provided by the SALK Institute. For kinetic

experiments, plants preacclimated to either PSI or PSII light were shifted

to the respective other light source and samples were taken at indicated

time points. Harvestedmaterial was frozen in liquid nitrogen directly in the

growth cabinets and stored at 2808C until further use.

RNA Preparations

Total RNA for array and RNA gel blot analyses was isolated using the

TRIzol reagent (Invitrogen) as described earlier (Fey et al., 2005). Con-

centration and purity of RNA samples were determined spectroscopically

in a Biophotometer (Eppendorf). Intactness was proven by ethidium

bromide staining of rRNA species after electrophoretic separation of

aliquots on denaturing 1.2% agarose gels containing formaldehyde.

Isolated RNA was stored at 2808C until further use.

Transcript Profiling in the Kinetic Experiment

Anylon filter DNAarray carrying 3292GSTs (including 2661 nuclear genes

for chloroplast proteins and 631 genes coding for nonchloroplast pro-

teins) was used to test the impact of light-induced redox signals on their

expression. This filter array was successfully used before to test 101

different conditions or mutants (Richly et al., 2003; Biehl et al., 2005). PSI-

II and PSII-I experiments were done separately in neighboring growth

cabinets of the same climate chamber. Plants were acclimated to either

PSI or PSII light and then shifted to the respective other light. Three

independent samples were harvested at each indicated time point for

RNA preparation. Total RNA was isolated from at least 200 to 500

individual plants per sample. Three independent hybridization experi-

ments for each time point with different filters and independent radioac-

tively labeled cDNA probes were performed, thus minimizing variation

between individual plants, filters, and probes. For cDNA synthesis, 25 to

30 mg of each RNA preparation was primed with an oligonucleotide

mixture matching the 3292 genes in antisense orientation, followed by a

synthesis and labeling reaction including [a-33P]dCTP. These probes

were hybridized to the GST filter array as described before (Kurth et al.,

2002; Richly et al., 2003). Images were read with a Storm PhosphorIm-

ager (Molecular Dynamics). Using the software ArrayVision 6.0 (Imaging

Research), the signal intensity of each cDNA spot on the array was

quantified. The normalized artifact removed volume (nARVOL) was used

to quantify expression abundance. In total, four to six nARVOL values

were acquired for each gene per sample. A t test with false discovery rate

correction (Benjamini and Hochberg, 1995) implemented in the MIDAW

tool (Romualdi et al., 2005) was performed to identify statistically signif-

icant differential expression values (adjusted P values < 0.05). Repro-

ducibility of the expression data with this GST filter array has been

demonstrated earlier (Kubis et al., 2004; Biehl et al., 2005). Data were

deposited at the Gene Expression Omnibus database (http://www.ncbi.

nlm.nih.gov/geo/), and the accession of the transcript profiles is GSE9235.

MIAME is given.

For the detection of redox-controlled genes using the stn7 mutant as

control, wild-type and mutant plants were grown as in the PSI-II array

experiment. Plant material was harvested 30min after the light shift under

the light sources and frozen in liquid nitrogen, and RNA was prepared in

triplicates as described above. Expression data were obtained from a

commercial service as Affymetrix GeneChip data generated with Affy-

metrix GeneChip Operating 1.4 and Expression Console 1.1 Software

using the ATH1 full-genome array. For comparison with the expression

data from the GST array, only the 3292 genes were used for analysis.

Expression Data Analysis

For detailed analysis, time points 30 min after a PSI-II light shift and 2 h

after a PSII-I light shift were chosen. Genes significantly regulated with a

factor $ 2.5 were selected as potential primary targets and assigned to

one of six major categories: nucleic acid binding/transcription, protein

binding/metabolic function, enzymatic activity, development, transport,

miscellaneous, or unknown. Amore detailed functional classification was

inferred from electronic annotation according to TAIR9 (see Supplemen-

tal Data Set 1 online). Average expression ratios derived from three

independent experiments were analyzed by k-means clustering using

TigrMev3.02 software (Saeed et al., 2003). To visualize the overall impact

of photosynthetic control during the kinetic experiments, expression data

were incorporated into the Mapman software (Thimm et al., 2004; Usadel
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et al., 2005), and expression changes were indicated by a color code (see

Supplemental Figure 1 online).

RNA Gel Blot Analysis

RNA gel blotting and hybridization of probes were performed using

standard procedures (Sambrook and Russel, 2001). Ten micrograms of

total RNA were separated on debaturing 1.2% agarose gels containing

formaldehyde, blotted on a nylon membrane, and hybridized with DNA

probes labeled with 32P-dCTP using the random prime labeling system

from GE Healthcare. After washing, the filters were exposed to a phos-

phor imager screen and analyzed (Storm; GE Healthcare). The following

primer pairs were used to generate the probes: PsaF (At1g31330),

forward, 59-CGAATCTCGTTCTCAACCC-39, and reverse, 59-CTGACCC-

GCATAACAATCC-39; PsbO1 (At5g66570), forward, 59-GTAAATGCTCC-

GACGCTG-39, and reverse, 59-GTAGCATGGCACCGAGAA-39; PsbP1

(At1g06680), forward, 59-CGTGTCGCTCTCCAAACC-39, and reverse,

59-GTTGTCTTCGAACCTAAGGACTTG-39;MEE14 (At2g15890), forward,

59-TTGTTCAAGCACCAGAGACG-39, and reverse, 59-GTCAGGAGCGT-

GAGAGAACC-39; CPE1 (At2g31980), forward, 59-GGTTTTCTGGTGA-

TCGCTGT-39, and reverse, 59-GCCATTGGGTTGAGTGACTT-39; and 18S

rDNA, forward, 59-TAAGACCAGGAGCGTATC-39, and reverse, 59- ATT-

CATTGCTGCTCCTCC-39.

Detection of Expression Signatures

To assess possible influences of ROS or phytochromes (phy) in the

experimental light system used here, transcript data of early regulated

genes were compared with published transcript profiles to detect genes

presumably regulated by ROS or phy. Six studies analyzing the effect of

different ROS, such as hydrogen peroxide, superoxide anions, or singlet

oxygen, were considered (Desikan et al., 2001; op den Camp et al.,

2003; Rizhsky et al., 2003; Mittler et al., 2004; Davletova et al., 2005;

Vanderauwera et al., 2005). Data from five experiments studying effects

of phytochrome A or B were used (Kuno et al., 2000; Wang et al., 2002;

Monte et al., 2004; T. Kretsch, http://affymetrix.arabidopsis.info). If not

detailed further, parameter and data sets from the original publication

were used. In Rizhsky et al. (2003) and Davletova et al. (2005), a fold

change of 2 or more was considered, and genes differentially regulated in

the phy mutant were selected (Davletova et al., 2005). In Wang et al.

(2002), genes responding in four different ecotypes to far-red light and

with an impaired response in the phyAmutant were considered. Data sets

reflecting the effect of far-red light were generated by T. Kretsch within

the AtGenExpress-Project/AFGN framework and were obtained as

MAS5.0 files from the NASCArray platform (http://affymetrix.arabidopsis.

info, experiment ID = 124). Data were preprocessed and analyzed using

R (version 2.4.1.) and Bioconductor software (Gentleman et al., 2004). To

identify differentially expressed genes, a t test was performed employing

correction for multiple testing (Benjamini and Hochberg, 1995). Signifi-

cant genes regulated with a factor of 2.0 or more were selected. When

comparing red light treatment (phytochrome B influence) with the dark

control (Monte et al., 2004), genes with at least twofold regulation were

used for the comparison.

Glutathione Content and Redox State

Plants were acclimated to different light sources as described in growth

conditions and ground in liquid nitrogen to a fine powder. Twenty-five

milligrams of powder from comparable samples were used for isolation of

total or oxidized thiols as described earlier (Fey et al., 2005). Derivatization

of thiols with monobromobimane (Calbiochem) and separation of thiol

derivateswere performed asdescribed earlier (Wirtz et al., 2004) using the

same HPLC system. Millenium32 software (Waters) was used for data

acquisitionandprocessing. All values for each timepointweredetermined

as triplicates, and the significantly different mean (6SD) compared with

the 48-h time point was calculated according to the Bonferoni test

(P < 0.05).

Primary Photosynthate Parameters

Starch, proteins, and lipids were determined by standard methods

(Magel, 1991). ATP, ADP, NADP reduction state, and NADP-MDH acti-

vation state were determined and calculated as described (Kaiser and

Urbach, 1977; Dietz and Heber, 1986). MDH activation state has been

regarded as reporter for thioredoxin redox state (Scheibe, 1990).

Metabolite Measurements by Gas

Chromatography–Mass Spectroscopy

Relative metabolite content was determined as described (Roessner

et al., 2001) in six separatemeasurements per light regime (or time point in

kinetic analyses), and log2-transformed data were used for further anal-

ysis. Statistical analyses of metabolomic data were performed employing

SPSS 11.0 software (SPSS), R statistical software (www.r-project.org),

and Microsoft Excel. Differences in metabolite content between the two

light regimes were determined by a t test (P < 0.05, Benjamini-Hochberg

correction for multiple testing; Benjamini and Hochberg, 1995). Dimen-

sional reduction was performed with a principal component analysis

using standardized data. Missing data were replaced by 0. Hierarchical

clustering was performed with standardized metabolites and samples

using euclidean distances and average linkage. The heat map was

generatedwith TigrMev3.02 software.Web sources for statistical software

are as follows: R statistical software, http://www.r-project.org; TigrMev

software, http://www.tm4.org/mev.html; NASCArray, http://affymetrix/

Arabidopsis.info; and Bioconductor, http://www.bioconductor.org.

Accession Numbers

Data of transcript profiles were deposited at the Gene Expression

Omnibus database. The accession number is GSE9235. MIAME is given.
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