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Although light is essential for photosynthesis, excess light can damage the photosynthetic apparatus and deregulate other

cellular processes. Thus, protective integrated regulatory responses that can dissipate excess of absorbed light energy

and simultaneously optimize photosynthesis and other cellular processes under variable light conditions can prove

highly adaptive. Here, we show that the local and systemic responses to an excess light episode are associated with

photoelectrophysiological signaling (PEPS) as well as with changes in nonphotochemical quenching and reactive oxygen

species levels. During an excess light incident, PEPS is induced by quantum redox changes in photosystem II and in its

proximity and/or by changes in glutathione metabolism in chloroplasts. PEPS is transduced, at least in part, by bundle

sheath cells and is light wavelength specific. PEPS systemic propagation speed and action potential are dependent on

ASCORBATE PEROXIDASE2 function. Excess light episodes are physiologically memorized in leaves, and the cellular light

memory effect is specific for an excess of blue (450 nm) and red (650 nm) light of similar energy. It is concluded that plants

possess a complex and dynamic light training and memory system that involves quantum redox, reactive oxygen species,

hormonal, and PEPS signaling and is used to optimize light acclimation and immune defenses.

INTRODUCTION

When plant leaves are exposed to full sunlight, only a portion of

the absorbed light energy is used for CO2 fixation (Asada, 1999;

Karpinski et al., 1999). Environmental stresses, like a sudden

increase in light intensity, changes in temperature, or limitation in

water accessibility, depress efficiency of CO2 assimilation due to

reduction of stomatal conductance, but do not depress foliar

absorption of light energy (e.g., Niyogi, 2000; Mullineaux and

Karpinski, 2002; Holt et al., 2004; Baker, 2008). This results in

an increase of the excitation energy in excess (EEE) over that

required for optimal photosynthetic metabolism. In the classical

view, the failure to dissipate EEE can be highly damaging to

plants and oftenmanifests as chlorosis, bleaching, or bronzing of

leaves due to imbalanced metabolism of reactive oxygen spe-

cies (ROS) (e.g., Karpinski et al., 1999; Niyogi, 2000; Apel and

Hirt, 2004; Laloi et al., 2007; Mühlenbock et al., 2008; Van

Breusegem et al., 2008). However, it was recently revealed that

EEE-induced permanent photodamage could be due to induc-

tion of programmed cell death, regulated by a very similar or the

same genetic system as for the hypersensitive response in

disease resistance and for systemic acquired resistance (SAR)

(Jabs et al., 1996; Dangl and Jones, 2001; Kwak et al., 2003;

Mateo et al., 2004; Mühlenbock et al., 2007, 2008).

Plants have developed a highly responsive and flexible phys-

iology, which allows them to function under short- and long-term

fluctuations and rapid changes in their natural environment.

Plants also are able to integrate and simultaneously process

multiple stimuli and prioritize their responses (Mullineaux and

Karpinski, 2002; Mittler, 2002; Mühlenbock et al., 2007, 2008;

Pfannschmidt et al., 2009). Light acclimation processes in plants

act to dissipate EEE and optimize photosynthesis under vari-

able light conditions. Therefore, plants have nonphotochemical

quenching (NPQ) and photochemical quenching (qp) mecha-

nisms that control EEE dissipation (Niyogi, 2000; Holt et al., 2004;

Ruban et al., 2007; Baker, 2008) and ROSmetabolism (Willekens

et al., 1997; Asada, 1999; Karpinska et al., 2000; Mateo et al.,

2004; Laloi et al., 2007; Mühlenbock et al., 2008). When photo-

system II (PSII) is exposed to excess light, acidification of the

lumen increases; this triggers a change in PSII light harvesting

antenna function from light absorption to EEE dissipation byNPQ

(Pascal et al., 2005; Ruban et al., 2007; Baker, 2008; Johnson

et al., 2008). During that time, various components of the
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photosynthetic electron transport chain become transiently

more reduced or oxidized and thus deregulate ROS production.

This, in turn, changes the chloroplast stromal redox state (e.g.,

Asada, 1999; Karpinska et al., 2000; Kruk and Karpinski, 2006).

Such redox changes are regulated by NPQ and qp mechanisms

that are prerequisites for induction of various light acclimatory

and defense responses, such as systemic acquired acclima-

tion (SAA) and SAR (Karpinski et al., 1999; Mateo et al., 2004;

Mühlenbock et al., 2007, 2008), shifting of transcription pro-

grams in the chloroplasts and in the nucleus (Karpinski et al.,

1999; Pfannschmidt et al., 1999, 2009; Mullineaux et al., 2000;

Apel and Hirt, 2004; Fey et al., 2004; Rossel et al., 2007;

Mühlenbock et al., 2008), and inducing state transitions and

other light acclimatorymechanisms (Larkin et al., 2003; Bellafiore

et al., 2005; Pascal et al., 2005; Barneche et al., 2006; Laloi et al.,

2007).

Recently, we have shown that stomatal aperture is regulated,

at least in part, by the quantum redox events in the proximity of

the PSII, for example, by changes in NPQ and the redox status of

the glutathione and plastoquinone (PQ) pools that influence

ROS/hormonal homeostasis (Karpinski et al., 1999; Mateo et al.,

2004; Mühlenbock et al., 2008). We further established that

cellular hormonal/ROS homeostasis is changed not only in

leaves experiencing conditions that promote EEE, but also in

naive leaves undergoing SAA (not previously exposed to excess

light). Using photosystem I and PSII-specific light wavelengths,

photosynthetic electron transport inhibitors, and null mutants

of LESIONS SIMULATING DISEASE1, ENHANCED DISEASE

SUSCEPTIBILITY1, andPHYTOALEXIN DEFICIENT4 (lsd1, eds1,

and pad4) as a test system for deregulated light acclimatory and

defense responses, we found that programmed cell death prop-

agation signals and SAR depend on stomatal conductance,

photorespiration, and hormonal/ROS cellular homeostasis that is

regulated, at least in part, by quantum redox signals from PSII

and its proximity (Karpinski et al., 1997, 1999; Karpinska et al.,

2000; Ball et al., 2004; Mateo et al., 2004; Chang et al., 2004;

Mühlenbock et al., 2007, 2008).

Laboratory-based stress research has traditionally focused on

only one well-defined response to a single environmental stress.

By contrast, plants are subjected to many simultaneous chal-

lenges in their natural environment, bringing about the simulta-

neous activation of many signaling pathways that are combined

in a regulatory network (Mittler, 2002; Mühlenbock et al., 2007,

2008; Koussevitzky et al., 2008). Moreover, mechanisms that

control stomatal aperture play a pivotal role in the regulation of

SAA, SAR, innate immunity, and programmed cell death (e.g.,

Kwak et al., 2003; Mateo et al., 2004; Melotto et al., 2006; Rossel

et al., 2007; Mühlenbock et al., 2008). It is also known that plant

leaves solve their problem of optimal gas exchange, transpi-

ration, and photosynthesis in a way similar to that defined by

the algorithm of the cellular automation (Peak et al., 2004). Cel-

lular automation proposed by John von Neumann and Oskar

Morgenstern in 1944 is a mathematical model for a dynamic sys-

tem that is discrete in time and in space. It depends on local

interactions, but global phenomena emerge on these interac-

tions (Gramss et al., 1998). Basic elements of the cellular auto-

mation are regular lattice of cells in which at each time step each

cell is in one defined “s” state. It has a defined neighborhood of

cells behaving in such way that the state of each cell at time step

“t+1” is a function of some of its surrounding (neighbors) cells at

time step “t.” Therefore, findings of Peak et al. (2004) and our

results (Mühlenbock et al., 2008) imply that there must be a

molecular mechanism (automation) that coordinates functioning

of signaling networks that govern light acclimation, immune

defenses, photosynthesis, transpiration, and subsequent devel-

opmental processes in plants. Despite the importance of this

information, surprisingly little is known about these signaling

interactions and their coordination.

Changes in electrical potential of the cellular plasma mem-

brane are well-documented regulators of different signaling

cascades in animals and plants (Burdon-Sanderson, 1873;

Darwin, 1875; Bose, 1926; Higinbotham, 1973; Pickard, 1973;

Bowles, 1990;Wildon et al., 1992; Trewavas, 2003; Davies, 2004;

Lautner et al., 2005). Local changes in the plasma membrane

electrical potential in response to light, hereafter called photo-

electrophysiological signaling (PEPS), were described before

and are themost rapid physiological reactions known in plants (in

the order of ms to ms) (Wheeler and Brownlee, 2008). In this

study, we have found that PEPS is a new component of signaling

cascades that potentially regulates light acclimatory anddefense

responses, such as SAA and SAR. We also demonstrated that

leaves are able to physiologically memorize different excess light

episodes and use this stored information, for example, for

improving their acclimation and immune defenses, thereby im-

proving the survival chances of the whole plant under prolonged

periods of low light. This finding has broad implications in the

study of plant light acclimatory responses, plant–microbe inter-

actions, bacterial pathogenesis, and diseases, but also in the

molecular ecophysiology of a plant behavior.

RESULTS

Local and Systemic Responses to Excess Light Are

Characterized by Changes in NPQ and ROS

In transgenic Arabidopsis thaliana rosettes partially exposed to

excess light, induction of APX1:LUC in both exposed and unex-

posed leaves shows that excess light produces a systemic effect

leading to induction of SAA (Figure 1A) (Karpinski et al., 1999). At

the same time, reduction in the maximal photochemical effi-

ciency (Fv/Fm) and NPQ was observed and indicates photoox-

idative stress and higher dissipation of EEE as heat, in both

directly exposed leaves and in leaves undergoing SAA (Figures

1B and 1C). However, the changes in Fv/Fm and NPQ have a

different pattern. Changes in Fv/Fm in directly exposed leaves

and leaves undergoing SAA have patchy character, whereas

changes in NPQ varied, with the lowest NPQ values in the central

vein region and the highest values toward the edge of the leaf

(Figures 1D and 1E; see Supplemental Figure 5 online). Further-

more, we detected sectors of different NPQ values in leaves

undergoing SAA, but in leaves experiencing conditions that

promote EEE, NPQ was strongly reduced and its foliar gradient

was flattened (Figures 1C and 1E; see Supplemental Figure 5B

online). Such a pattern of NPQ in leaves undergoing SAA is

similar to that observed in control plants, but it is characterized
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by a higher gradient differences and lower average NPQ. The

lowest NPQ observed in the central vein region of systemic

leaves (Figure 1E; see Supplemental Figure 5B online) is asso-

ciated with the highest foliar H2O2 levels (Figures 1F and 2E). The

highest foliar H2O2 levels, induction of APX2:LUC, and pro-

grammed cell death were observed previously proximal to the

central vein in leaves undergoing SAA (Karpinski et al., 1999;

Mullineaux et al., 2006; Mühlenbock et al., 2008).

To investigate further the nature of SAA, we wondered how

systemic signals spread to other plant organs. To test this, we

examined NPQ, APX1:LUC induction, and H2O2 levels in the

inflorescence stems of plants where part of the rosette had been

exposed to excess light. Indeed, a slightly different pattern of

NPQ from that observed in leaves was observed in the inflores-

cence stem undergoing SAA (Figures 2A to 2D). However, like in

leaves that were undergoing SAA, NPQ in inflorescence stems

undergoing SAA was lower in regions where APX1:LUC induc-

tion and H2O2 levels were higher (Figures 2C and 2E). These

results assured us that the local and systemic induction of APX1:

LUC, changes of NPQ, Fv/Fm, foliar levels of ROS (Figures 1 and

2), hormones, and programmed cell death reported before

(Mühlenbock et al., 2008) appear in a specific pattern. They reflect

changes ofNPQ (Figures 1C, 1E, and 2E) such that zones of higher

APX1:LUC expression and H2O2 levels have lower NPQ.

The inverse relationship between induction of APX1 and APX2

and the reduction of NPQ was confirmed by measurements of

foliar APX1 and APX2 transcript levels in npq4 null mutants. The

NPQ4 gene encodes PsbS protein, a member of the chlorophyll

a/b binding, light-harvesting complex family of proteins that binds

zeaxanthin. PsbS function is essential for EEE- and zeaxanthin-

dependent conformational changes in the thylakoid membrane

that are necessary for DpH-dependent regulation of NPQ (Li

et al., 2000; Peterson and Havir, 2001). Foliar APX2 transcript

levels, in low light–acclimated npq4 leaves, were significantly

higher than those observed in control plants (see Supplemental

Figure 1B online) and remained unchanged during excess light

episodes. Foliar APX1 and APX2 transcript levels in cry1/cry2,

phyA/phyB, and phot1/phot2 null mutants were also preinduced

in low light, but their further induction after exposure to excess

light was clear (see Supplemental Figures 1A and 1B online). All

these double recessive mutants except phyA/phyB also have

reduced NPQ in ambient light conditions (see Supplemental

Figure 1C online). Double phyA/phyB recessive mutants have

significantly higher NPQ in comparison to control wild-type

plants. These results strongly suggest that these mutants are

susceptible to low-light conditions that normally do not evoke

photooxidative stress. Moreover, APX1 and APX2 expression in

all these mutants was not suppressed, as in experiments that

combined excess light and DCMU (Figure 4) where NPQ was

strongly reduced (almost to zero).

Others and we have suggested that a propagated ROS/

hormonal signal was the main trigger of light acclimatory re-

sponses (Karpinski et al., 1999; Fryer et al., 2003; Rossel et al.,

2007; Mühlenbock et al., 2008, Galvez-Valdivieso et al., 2009).

However, the pattern of systemic changes observed in inflores-

cence stems undergoing SAA, including APX1:LUC induction

and changes of NPQ and ROS levels, would be linear, not wavy

(Figure 2). Therefore, we asked ourselves if SAA has another yet

Figure 1. Induction of SAA Is Associated with Systemic Patchy Changes

in Maximal Photochemical Efficiency (Fv/Fm) and Systemic Gradient-Like

Changes of Foliar NPQ.

Arabidopsis transgenic APX1:LUC and Col-0 rosettes were grown at

low-light conditions (LL; 100 mmol photons m�2 s�1) and were partially

exposed to excess light (EL; 2000 mmol photons m�2 s�1). Left, controls

that were LL grown with no excess light exposure; right, partially

exposed rosettes, with the leaves to the right of the dotted line exposed

to excess light. Fv/Fm and NPQ values ([A] to [C]) are expressed as

means from three independent experiments. Significant differences in

comparison to plants from LL conditions are indicated accordingly to

Student’s test (*P # 0.05, **P # 0.005, and ***P # 0.001).

(A) CCD image of luciferase activity in relative light units (LUs) in LL-

grown APX1:LUC rosette and rosette that was partially exposed to EL for

60 min. Dark blue is equal to 1 relative light unit (RLU); yellow is equal

to 6 LU.

(B) Image of maximal quantum efficiency of PSII (Fv/Fm) in leaves of LL-

grown rosette and rosette that was partially exposed to EL for 60 min.

(C) Image of the NPQ in leaves of LL-grown rosette and rosette that was

partially exposed to EL for 60 min.

(D) Patchy pattern of Fv/Fm in leaf of LL-grown rosette, leaf exposed to

EL for 60 min, and leaf undergoing SAA.

(E) Gradient-like pattern of NPQ in leaf of LL-grown rosette, leaf exposed

to EL for 60 min, and leaf undergoing SAA.

(F) Fluorescence image of H2O2 production. H2O2 was labeled with 2’,7’-

dichlorofluorescin diacetate in veins of leaf undergoing SAA for 60 min.
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unknown signaling mechanism, different from that of linear

hormone transport, activation and diffusion of ROS, or gaseous

hormones.

Leaves Exposed to Excess Light-Induced Systemic and

Light Wavelength–Specific PEPS

It has been demonstrated that electrical signals regulate plant

stress responses (Burdon-Sanderson, 1873; Darwin, 1875;

Bose, 1926; Pickard, 1973; Bowles, 1990; Wildon et al., 1992;

Lautner et al., 2005). In Figures 3A and 3B, we show that excess

of white and red (6506 20 nmwavelength) but not blue (4506 20

nm wavelength) light, of similar energy of the red light, is able to

induce APX1:LUC and APX2:LUC in directly exposed leaves and

in leaves undergoing SAA. Taking into consideration that these

two transgenic lines are robust molecular markers of SAA

(Karpinski et al., 1997, 1999; Mullineaux et al., 2000; Fryer

et al., 2003; Ball et al., 2004; Chang et al., 2004), we concluded

that red light, but not blue light, is the main inducer of SAA.

Simultaneous measurements of the plasmamembrane electrical

potential in cells of the bundle sheath layer of the central leaf vein

in exposed leaves and in leaves undergoing SAA indicate that

white light induces PEPS with an action potential of ;40 to 50

mV in directly exposed leaves (Figures 3C and 3G) and 25 to 30

mV in leaves undergoing SAA in the twilight zone (Figure 3D).

During the first seconds of light exposure, we observed hyper-

polarization followed by depolarization and repolarization (Fig-

ures 3C and 3G). Red and blue light exposure also induced PEPS

with a slightly different pattern of changes (weaker depolarization

and deeper repolarization), andwith lower action potential values

than observed for white light (Figure 3C). The characteristic

feature, differentiating the action of these three different lights,

are specific changes of plasma membrane potential in directly

exposed leaves and in leaves undergoing SAA (Figures 3C and

3D). In the first seconds after switching off the white light, in the

directly exposed leaf, we observed depolarization followed by

hyperpolarization and repolarization in several minutes with an

amplitude of 25 to 30 mV (Figure 3C), whereas in leaves under-

going SAA, switching off the light is signalized with an inverse

order of events, hyperpolarization followed by depolarization

and repolarization with the amplitude of ;15 mV (Figure 3D).

For red and blue light, we observed an opposite order of events

in comparison with that observed in white light (Figures 3C

and 3D).

Changes in PEPS in response to excess white light in the apx2-1

recessive mutant (Figures 3E and 3F) were different from that

observed in the wild type but similar to that for red light (Figures

3C and 3D). This similarity was observed in both directly exposed

leaves and in leaves undergoing SAA during switching on and

switching off the light. Another characteristic feature was higher

values of action potential in apx2-1 mutant in leaves undergoing

SAA than those observed for Columbia-0 (Col-0).

Figure 2. Induction of SAA in the Inflorescence Stem Is Characterized by

Wave-Like Changes of APX1:LUC Expression, NPQ, and H2O2 Levels.

Arabidopsis transgenic APX1:LUC flowering rosettes grown in low-light

conditions (LL; 100 mmol photons m�2 s�1) were partially exposed to

excess light (EL; 2000 mmol photons m�2 s�1).

(A) CCD image of luciferase activity in RLUs in LL-grown APX1:LUC

rosette and rosette that was partially exposed to EL for 20 min. Dark blue

is equal to 1 RLU; yellow is equal to 6 LU.

(B) LU image of inflorescence stem of LL-grown plants.

(C) LU image of LL-exposed inflorescence stem undergoing SAA for

60 min.

(D) LU image of LL-exposed inflorescence stem undergoing SAA for

80 min.

(E)H2O2 levels and NPQwere measured in 1-cm sectors of inflorescence

stems (indicated by arrows and numbered from 1 to 14 in [B] to [D]).

H2O2 levels are shown as relative values in comparison to sector 1 =

100%. The results show representative data of three independent

experiments expressed as mean, with bars indicating SD.
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Figure 3. SAA Is Dependent on Spectral Composition of Light and Is Associated with Wavelength-Specific Changes in PEPS That Is Regulated by

APX2 Expression.

Arabidopsis Col-0, transgenic APX1:LUC, APX2:LUC, and apx2-1 null mutant rosettes grown at low-light (LL; 100 mmol photons m�2 s�1) conditions

were exposed to excess white light (EL; 1500 mmol photons m�2 s�1), excess blue light (BL; 80 mmol of photons m�2 s�1 of 4506 20 nmwavelength; [A]

to [F]), or excess red light (RL; 120 mmol photons m�2 s�1 of 650 6 20 nm wavelength; [A] to [F]).

(A) and (B) Expression of APX1:LUC and APX2:LUC measured as luciferase activity in RLUs in LL-grown transgenic rosettes as well as in rosettes

exposed to 1.5 h of EL, 4 h BL, and 4 h RL. The results show representative data from pooled leaf samples of three independent experiments expressed

as mean, with bars indicating SD. Significant differences in relation to plants grown at LL conditions are indicated (*P # 0.05, **P # 0.005, and ***P #

0.001).
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Several seconds of excess light illumination is sufficient to

induce PEPS with maximal action potential (Figure 3G). We also

determined that the propagation speed of PEPS between two

different leaves is;0.3 cm s21 for switching off light and 0.2 cm

s21 for switching on light (Figure 3H). The speed of the PEPS

between different leaves depends on APX2 gene expression.

APX2 is exclusively expressed in the bundle sheath cell layer

(Fryer et al., 2003), and the systemic propagation of PEPS

between different leaves is more than 2 times faster in the null

apx2-1 mutant than that in wild-type plants (Figure 3H).

The above results allow us to conclude that PEPS is induced in

response to conditions promoting EEE and its amplitude de-

pends on the duration of the excess light episode and the light

spectral composition. PEPS pattern and its systemic propaga-

tion speed in bundle sheath cells depend on specific expression

of APX2 in these cells. Therefore, we concluded that PEPS

is a signaling component of light acclimatory responses, such

as SAA.

Changes in NPQ, PQ, and Ca2+ Signaling Are Required for

Induction of SAAMolecular Markers

Connecting quantum redox changes of different PSII compo-

nents with the physiological signaling is very difficult, since the

absolute time required for such changes is several orders of

magnitude shorter than that required for physiological signal

transduction (Karpinski et al., 1997; Knight, 2000). An effective

experimental way that connects quantum redox changes, such

as changes in NPQ and redox status of PQ pool, with physio-

logical signaling is the use of selected light wavelengths and

photosynthetic electron transport inhibitors (Pfannschmidt et al.,

1999; Mateo et al., 2004; Kruk and Karpinski, 2006; Mühlenbock

et al., 2008; Pfannschmidt et al., 2009). Treatment of leaves with

DCMU blocks reduction of the secondary electron acceptor, QB

in PSII, and in consequence, slows down the oxidation of QA and

reduction of the PQ pool. Moreover, DCMU treatment has been

shown to strongly reduce NPQ (Doron et al., 2008; Goss et al.,

2008) since DCMU treatment equalizes Fm and F’m values (NPQ =

Fm/F’m – 1). DCMU also inhibit excess light-mediated induction

of stomata closure and acclimatory and immune defense re-

sponses (Mühlenbock et al., 2008). DCMU treatment generates

some similar physiological and molecular effects as treatment of

plants with light enriched in 700-nm wavelength (Mühlenbock

et al., 2008) and is highly specific. In our experiments, we

measured NPQ with separate dark adaptation periods (40 min

before and 40 min after appropriate excess light treatment) to

determine the new Fm value. Measuring NPQ in such a way

mirrors changes induced by DCMU. Therefore, the reduced NPQ

value observed after partial excess light exposure is mostly due

to increase of F0 and reduction of Fm values in directly exposed

leaves and in leaves undergoing SAA.

In contrast with DCMU, treatment of leaves with 2,5-dibromo-

3-methyl-6-isopropyl-p-benzoquinone (DBMIB) slows down the

rate of oxidation of the PQ pool by inhibiting the function of the

cytochrome b6/f complex. DBMIB treatment generates some

similar effects as exposure of leaves to light enriched in 650-nm

wavelength and is able to induce stomata closure and light

acclimatory and immune defense responses under low-light

conditions (Karpinski et al., 1997, 1999;Mühlenbock et al., 2008).

DBMIB has been shown to promote induction of programmed

cell death and reduction of stomata aperture under low light,

whereas DCMU produces the opposite effect under excess light

(Mühlenbock et al., 2008).

DCMU treatments of a single leaf and its petiole blocked the

induction of APX1:LUC and APX2:LUC in a leaf exposed to

excess light and reduced or blocked the induction of these

transgenes in leaves undergoing SAA (Figures 4A and 4B). In the

case of DBMIB treatment, we observed different effects in

comparison with the DCMU treatment (Figures 4A and 4B). After

DBMIB treatment, APX1:LUCwas induced in local and systemic

leaves to similar levels as in control plants. However, APX2:LUC

was induced to a lower extent in directly exposed and DBMIB

treated leaves, and APX2:LUC was not induced in leaves under-

going SAA. In the systemic leaves that were not treated with

DCMU or DBMIB, we could not detect (up to 1 h after treatment)

any significant changes in chlorophyll a fluorescence parameters

(e.g., Fv/Fm; see Supplemental Figure 2 online). Therefore, sig-

nificant translocation of DCMU and DBMIB from locally treated

Figure 3. (continued).

(C) and (D) Changes in the plasma membrane electrical potential of bundle sheath cells of foliar central vein (later called PEPS) were recorded during

20-min exposure to white EL (white bar above panel, light switch on) followed by 20-min twilight zone (<1 mmol photons m�2 s�1) period (gray bar,

light switch off). Leaves were exposed to white EL (black line), BL (dashed line), and RL (gray line). PEPS was measured in exposed leaves ([C];

electrode 1) and in leaves undergoing SAA in the twilight zone ([D]; electrode 2). Inset shows changes in PEPS during the first minutes directly after

switching light on or off.

(E) and (F) Changes in PEPS in Col-0 (black line) and null apx2-1 (dashed line). PEPS was recorded in central veins during 20-min exposure to white EL

(white bars, light switch on) followed by 20-min twilight zone (<1 mmol photons m�2 s�1) period (gray bar, light switch off). Plasma membrane electrical

potential was measured in exposed leaves ([E]; electrode 1) and in leaves undergoing SAA in the twilight zone ([F]; electrode 2). Inset shows changes in

PEPS during the first minutes after light switching.

(G) Changes of PEPS pattern in leaves exposed to a single flash of white EL for the period of <1 s and for periods of 2, 3, 5, and 10 s and for continu-

ous EL.

(H) The propagation velocity of PEPSmeasured between two single bundle sheath cells of two different leaves (local and systemic) in Arabidopsis Col-0

and apx2-1. The velocity was determined after measurements of physical distance between electrodes and delay in PEPS changes in systemic leaves

after light switch on or off in the locally exposed leaf. Significant differences in relation to wild-type plants are indicated (*P# 0.05 and ***P# 0.001). The

letters indicate significant differences between light switch on and off treatment of the same type of plants. The results showed representative data from

30 independent experiments and at least 20 cells and are expressed as mean, with bars indicating SD of PEPS amplitude and time.
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leaf to the systemic leaves during 1 h of the experiment is

unlikely. In systemic leaves, where xylem, phloem, and bundle

sheath tissues were mechanically interrupted in the leaf petiole

exposed to excess white light (see Supplemental Figures 3B and

3C online), we observed a lack of systemic induction of APX1:

LUC and APX2:LUC similarly to those in DCMU and LaCl3
experiments for both analyzed transgenes and in the DBMIB

experiment for APX2:LUC (Figures 4A and 4B). However, in a

leaves exposed to excess light, APX1:LUC and APX2:LUC

induction was not significantly suppressed like it was in the

DCMU-treated leaf. To obtain more information about other

possible signaling components regulating APX1, APX2 gene

expression, and general SAA, we used the Ca2+ channel

blocker LaCl3. This blocker prevented APX1:LUC and APX2:

LUC induction in directly exposed leaves and in leaves under-

going SAA. It is also important to note that induction of APX1

and APX2 expression in response to excess white light was not

blocked in cry1/cry2, phyA/phyB, and phot1/phot2 recessive

double mutants, and NPQ in these mutants in low light was

significantly deregulated (see Supplemental Figures 1A and 1B

online).

We demonstrated before that the second step of glutathione

synthesis in the chloroplasts is important for regulation of APX2

expression and light acclimatory and immune defense re-

sponses (Ball et al., 2004). Karpinska et al. (2000) suggested

previously that redox status of the glutathione and PQ pools are

dependent on each other during conditions generating EEE.

Therefore, we measured redox status of the PQ pool (Kruk and

Karpinski, 2006) in recessive cad2 and rax1 null mutants (Ball

et al., 2004). In these mutants, under low-light conditions, the

photoactive PQ pool was reduced to significantly lower levels

than that of wild-type plants (Table 1). NPQ was also reduced in

these mutants, however insignificantly (see Supplemental Figure

1C online).

The above experiments demonstrate that quantum redox

changes in PSII and in its proximity (e.g., changes in NPQ and

in redox status of the glutathione and PQ pools regulate APX1

and APX2 expression, but not cryptochromes, phototropins, or

phytochromes) influenced the regulation of APX1 and APX2

expression. Moreover, we showed that Ca2+ signaling could be

also implicated in the regulation of APX1 and APX2 expression

and that intact vascular tissues are required for systemic induc-

tion of APX1:LUC and APX2:LUC.

Changes in NPQ, Redox Status of the Glutathione and PQ

Pools, and Ca2+ Signaling Deregulated PEPS

The above results lead us to the following question: Do changes

in NPQ, redox status of the glutathione and PQ pools, and Ca2+

signaling deregulate PEPS? In the case of mechanical damage

made to a leaf petiole, we observed reduced amplitude of PEPS

in the leaf with damaged veinal tissues and exposure excess

light. The damaged leaf was not able to induce PEPS changes in

systemic leaves in which the amplitude of PEPS changes was

nearly zero (flat line) (Figures 5C and 5D). It is important to know

that in this experiment, vascular tissues of a leaf petiole were

interrupted, while other petiole mesophyll cells were intact (see

Supplemental Figure 3C online). Therefore, it is unlikely that

PEPS could bypass through other types of cells. Similar effects

were observed in the case of LaCl3. In systemic leaves (for local

LaCl3 treatment), PEPS was reduced to almost flat line (Figure

5J). In the local LaCl3-treated leaf, we observed deregulation of

PEPS in excess light exposed leaf during switching on the light

but not during switching off the light (Figure 5I) in comparison to

control leaves.

Figure 4. Quantum Redox Changes in PSII and Its Proximity and

Calcium Signaling Regulate Local and Systemic Induction of APX1:

LUC and APX2:LUC.

ArabidopsisCol-0, transgenic APX1:LUC, and APX2:LUC rosettes grown

at low-light (LL; 100 mmol photons m�2 s�1) conditions were exposed to

excess white light (EL; 1500 mmol photons m�2 s�1 applied to LO, local

leaves) and treated with 8 mM DCMU, 14 mM DBMIB, or 10 mM LaCl3 or

had physically interrupted leaf petiole vasculature (cut) in the local leaves

15 min before EL exposure. Measurements were performed in LO and

systemic leaves that were not directly treated (SY).

(A) and (B) Expression of APX1:LUC and APX2:LUC, respectively, in

control LO exposed to 1.5 h EL, in LOwith physically interrupted vascular

tissues in the petiole, and exposed to 1.5 h EL in LO treated with DCMU,

with DBMIB or LaCl3 and exposed to 1.5 h EL, and in leaves undergoing

SAA under LL conditions (SY). The results show representative data from

30 independent experiments expressed as mean, with bars indicating

SD. Significant differences in comparison to plants from LL conditions are

indicated (*P # 0.05, **P # 0.005, and ***P # 0.001). Letters indicate

significant differences in LO and SY in comparison to control LO or SY,

respectively (a, P # 0.05; b, P # 0.005).
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In DCMU experiments, we observed deregulation of PEPS in

leaves directly treated with DCMU and in systemic leaves (Fig-

ures 5E and 5F). After switching on the excess light, for the

DCMU-treated leaf, we observed reduced amplitude of PEPS

(Figure 5E) in comparison with the control leaves (;20 mV;

Figure 5A). After switching off the light, for the DCMU-treated

leaf, we observed only large depolarization (;35mV), and a new,

much higher action potential was established (Figure 5E). In

systemic leaves, which were not directly treated with DCMU and

were kept in twilight zone, the amplitude of PEPSwas reduced to

;12 to 10 mV or lower (Figure 5F), whereas in control systemic

leaves, the corresponding amplitude was ;25 mV (Figure 5B).

We used a concentration of DCMU (8 mM) that only inhibits

electron transport to 30 to 50% (see Supplemental Figure 2A

online), and systemic PEPS was reduced by;50%. In contrast

with DCMU treatment, in leaves treated with DBMIB (Figures 5G

and 5H), we observed higher amplitude of PEPS (40 mV) during

switching off the light in exposed leaves (Figure 5G). In systemic

leaves for local DBMIB treatment, we observed also higher

amplitude of PEPS during switching off the light. In the DBMIB

(14 mM) experiment, APX1:LUC was significantly induced, but

APX2:LUC was not, nor significantly suppressed like in the case

of DCMU (Figure 4). This could be due to fact that we used a new

experimental system (see Supplemental Figures 3 and 4 online)

where plants are submerged in a solution that allows measure-

ments of PEPS. Moreover, for the first time we used a combi-

nation of excess light and DBMIB (before we used DBMIB only in

low light). Such a combination can generate slightly different

effects than that reported before (e.g., Karpinski et al., 1997,

1999; Mühlenbock et al., 2008).

We alsowondered if PEPS in the recessive cad2mutant, which

is impaired in glutathione synthesis (Figures 5K and 5L), is

deregulated. After switching on the light, for the cad2 leaf,

amplitude of PEPS was higher than that observed in the case

of control plants (;45 mV; Figure 5K). After switching off the

light, in the cad2 leaf, we observed a similar profile of PEPS

changes, but the amplitude was also higher, like in DBMIB local

leaves (Figures 5I and 5K). In systemic leaves, the amplitude of

PEPS in cad2was reduced to amaximumof;15mV (Figure 5L),

whereas in control systemic leaves, the corresponding ampli-

tude was;25 mV (Figures 3D and 5B).

These experiments demonstrate that quantum redox changes

in PSII and in its proximity (e.g., changes in NPQ and in redox

status of the glutathione and PQpools) are involved in regulation/

deregulation of PEPS. Moreover, we showed that Ca2+ signaling

and intact foliar vascular tissues are required for systemic

induction of PEPS, and APX1:LUC and APX2:LUC expression.

The above experiments indicate that PEPS and APX1 and APX2

gene expression are regulated/deregulated by the same mech-

anisms.

Cellular Light Memory

According to our knowledge, mechanisms of training and mem-

orizing in plants are not well known, and it is widely accepted

that plants do not have such capacities (e.g., Trewavas,

2003). However, in fact, SAA is a training process of naive cells,

chloroplasts, and PSII (cells and PSII that never experienced

excess light or conditions that promote EEE), shown by the cells

and PSII that are actually experiencing such conditions. The

above results (Figures 1 to 5), work done by Peak et al. (2004) and

Mott and Peak (2007), and our own work (Mühlenbock et al.,

2008) suggest that SAA could be a process based on collective

dynamics and emergent, distributed computation in plants,

performed by their leaves. This could be concluded based on

the fact that stomatal conductance and quantum redox events in

PSII, reflected by chlorophyll fluorescence, play an essential role

in the regulation of SAA and SAR (Karpinski et al., 1999; Mateo

et al., 2004; Mühlenbock et al., 2008). If leaves are able to

perform emergent, complex, and distributed computation, as

suggested before (Peak et al., 2004; Mott and Peak, 2007), we

should ask ourselves if a plant cell is able to differentially

memorize excess light incidents and spectral composition of

light and effectively use thismemorized information for improving

their survival chances. Therefore, we performed the following

experiments.

Leaves were infected with the bacterial pathogen Pseudomo-

nas syringae pv tomato strain DC3000 1 h before and 1, 8, and

24 h after excess light incidents (induced by excess of white,

blue, and red light separately) (Figure 6). In control plants, under

low-light conditions, disease symptoms developed and infection

progressed (Figures 6A and 6F). In the case of plants infected 1 h

Table 1. Deficiency in Glutathione Synthesis in Arabidopsis Chloroplasts Deregulates Redox Status of the PQ Pool

Arabidopsis

(Genotype)a
PQ Pool

(% Total)b

Redox State of

PQ Pool in the

Dark (% Reduced)

Redox State of

PQ Pool in the Light

(% Reduced)

Redox State of

PQNP (% Reduced)c

Col-0 32.5 6 3.3 15.4 6 5.7 40.6 6 6.2 60.4 6 5.2

cad2 34.6 6 2.8 24.8 6 7.4 17.9 6 6.1** 71.0 6 5.4

rax1-1 29.7 6 5.3 23.5 6 12.0 9.6 6 8.9** 67.8 6 8.6

The presented data are representative for three independent experiments of pooled leaves samples. Significant differences in comparison to Col-0

are indicated (n = 3, **P # 0.005).
aArabidopsis Col-0 and null mutants cad2 and rax1-1 were grown under low-light conditions (100 mmol photons m�2 s�1). Five-week-old plants were

used for the measurements.
bPhotoactive PQ pool was measured as described by Kruk and Karpinski (2006). Redox state of the photoactive PQ pool in the dark was measured

1 to 1.5 h before the end of the dark period and 2.5 to 3 h after the onset of the photoperiod.
cNonphotoactive PQ pool was determined as described by Kruk and Karpinski (2006).
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before excess light incidents, for all wavelengths used, disease

progressed even faster than that observed in control plants

(Figures 6B and 6F). However, in plants infected 1, 8, and 24 h

after EEE incidents, we observed different results. In these

cases, development of disease symptoms was effectively in-

hibited at all times of infection after excess white light incidents

(Figures 6C and 6F). In the case of blue light, development of

disease symptoms was only effectively stopped in the case of

infection 24 h after a blue light incident (Figures 6Dand 6F), and in

the case of red light, 8 and 24 h after the light incident (Figures 6E

Figure 5. Quantum Redox Changes in PSII and Its Proximity and Calcium Signaling Regulate Local and Systemic PEPS.

Arabidopsis Col-0 and cad2 null mutants (deficient in glutathione synthesis in chloroplasts) grown at low-light conditions (LL; 100 mmol photons m�2

s�1) were exposed to excess white light (EL; 1500 mmol photonsm�2 s�1 applied on local leaves) and treated with 8 mMDCMU, 14 mMDBMIB, or 10 mM

LaCl3 or with physically interrupted leaf petiole vasculature in local leaf petiole 15 min before EL incident. Measurements were made in local and

systemic (not directly treated) leaves.

(A) PEPS changes measured in EL exposed local leaves (ME1, electrode 1).

(B) PEPS changes measured in systemic leaves undergoing SAA in the twilight zone (ME2, electrode 2).

(C) PEPS changes measured in EL exposed local leaves with physically interrupted vasculature of the leaf petiole (ME1, electrode 1).

(D) PEPS changes measured in systemic leaves undergoing SAA in the twilight zone of rosette where petiole vasculature of EL-exposed local leaves

was mechanically interrupted (ME2, electrode 2).

(E) PEPS changes measured in local leaves partially treated with drops of DCMU (ME1, electrode 1).

(F) PEPS changes measured in systemic leaves undergoing SAA in the twilight zone of rosette where EL-exposed local leaf and leaf petiole were treated

with DCMU (ME2, electrode 2).

(G) PEPS changes measured in local leaves partially treated with drops of DBMIB (ME1, electrode 1).

(H) PEPS changes measured in systemic leaves undergoing SAA in the twilight zone of rosette where EL-exposed leaf and leaf petiole were treated with

DBMIB (ME2, electrode 2).

(I) PEPS changes measured in local leaves partially treated with drops of 10 mmol LaCl3 (ME1, electrode 1).

(J) PEPS changes measured in systemic leaves undergoing SAA in the twilight zone of rosette where EL-exposed leaf and leaf petiole were treated with

LaCl3 (ME2, electrode 2).

(K) PEPS changes measured in EL exposed local leaves of cad2 mutant (ME1, electrode 1).

(L) PEPS changes measured in systemic leaves of cad2 mutant undergoing SAA in the twilight zone (ME2, electrode 2).
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and 6F). It is important to note that the provided energy of red and

blue light was similar in all experiments, and it was similar to that

present in the white light. Therefore, we conducted an additional

statistical analysis of the total light memory effect. After sum-

marizing results from all infections made after specific excess

light incidents, we observed significant difference for white (P =

7.41E-06) and red light (P = 1.16E-04), but not for blue light (P =

0.327) in comparison with the control light conditions. When we

summarized all results from infections made before and after

specific excess light incidents, wedid not observe any significant

difference in comparison to control values in low-light conditions.

Cellular light memory is also characterized by the changes in

other parameters developing in time, such as foliar H2O2 levels

(Figure 7) and chlorophyll a fluorescence (see Supplemental

Figure 4 online). H2O2 levels were initially higher after all excess

light incidents. However, 48 and 96 h after excess light incidents,

foliar H2O2 levels were different for all light treatments. Four days

after incident of excess white light, foliar H2O2 level were similar

to that observed in control plants from low-light conditions

(Figure 7). In the case of blue light, foliar H2O2 levels 96 h after

light incident were significantly higher, while for the red light were

significantly lower (Figure 7). These results are in agreement with

induction of APX1:LUC and APX2:LUC by red but not by blue

light (Figures 3A and 3B).

Taken together, these results indicate that different excess

light incidents can be physiologically memorized and that the

different spectral composition of light is memorized differently.

Moreover, the order of events (infections before or after appro-

priate excess light incidents) is important for the cellular light

memory effect and immune defenses. The above results suggest

that, when plants are infected prior to an excess light incident,

virulent bacteria could initiate a process, which can no longer be

counteracted by the plant, even if excess light is provided later. It

thus seems that virulent bacteria can erase the light memory

mechanism if they succeed in infecting plants before the excess

light incident and SAA induction.

Figure 6. Different Cellular Light Memory Effects on Immune Defenses after Episodes of Excess White, Blue, (450-nm Wavelength), and Red (650-nm

Wavelength) Light.

Arabidopsis leaves of rosette grown at low-light conditions (LL; 100 mmol photons m�2 s�1) were inoculated with virulent P. syringae pv tomato DC3000

strains 1 h before and 1, 8, and 24 h after exposure to excess white light (EL; 1500 mmol photons m�2 s�1, 1 h), excess blue light (BL; 80 mmol photons

m�2 s�1; 4 h), and excess red light (RL; 120 mmol photons m�2 s�1; 4 h). Infections were performed under LL, and infected plants were grown up to 96 h

under LL. Results from four independent experiments with nine repetitions (n = 36) for each light condition are expressed as mean, with bars indicating

SD. Significant differences in comparison with LL laboratory conditions are indicated according to Student’s t test (*P # 0.05 and **P # 0.005).

(A) Representative examples of foliar disease symptoms developed 96 h after infection preformed in LL conditions.

(B) Representative examples of foliar disease symptoms developed 96 h after infection performed 1 h before EL incident.

(C) Representative examples of foliar disease symptoms developed 96 h after infection performed 24 h after EL incident.

(D) Representative examples of foliar disease symptoms developed 96 h after infection performed 24 h after BL incident.

(E) Representative examples of foliar disease symptoms developed 96 h after infection performed 24 h after RL incident.

(F) Bacterial growth was measured 1, 48, and 96 h after infections performed 1 h before and 1, 8, and 24 h after EL, BL, and RL incidents. Bacterial

growth is expressed as a colony-forming unit per leaf area (cfu/cm�2).
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DISCUSSION

Light energy absorbed in excess regulates light acclimatory

and immune defenses in plants; however, this signaling is com-

plex and involves many simultaneous, networked pathways

(Karpinski et al., 1999; Mateo et al., 2004; Rossel et al., 2007;

Mühlenbock et al., 2008; Galvez-Valdivieso et al., 2009). This

complexity is not well characterized and understood. Particu-

larly, it is not demonstrated how the excess light energy

absorbed by PSII antennae is exchanged into redox hormonal

signaling. Moreover, it is not clear how signals are transduced

from chloroplast to the nucleus and from chloroplasts to plasma

membrane and to other cells and organelles. Previously, we

linked reduced PSII antenna size (reduction in absorption of light

energy) and higher NPQ in the cao mutant (Mateo et al., 2004;

Klenell et al., 2005) with light-2 dependent (650-nm wavelength)

suppression of the runaway cell death phenotype of lsd1. We

concluded that light absorption, NPQ, and qp mechanisms are

essential for regulation of intra- and extracellular ROS/hormonal

homeostasis, stomatal conductance, photosynthesis, and pho-

torespiration that regulate light acclimation, programmed cell

death, and immune defenses (Mateo et al., 2004; Klenell et al.,

2005; Mühlenbock et al., 2007, 2008; Galvez-Valdivieso et al.,

2009). In fact, light acclimatory responses, such as SAA, are a

complex and dynamic training system for naive cells, chloro-

plasts, and PSII that did not previously experience excess light

episodes, by cells, chloroplasts, and PSII that are in the process

of experiencing such conditions (Karpinski et al., 1999). Here, we

demonstrate that SAA spreads to other plant organs, for exam-

ple, the inflorescence stem, is associated with contrariwise

changes in NPQ and ROS, and that PEPS could be an important

component of the signaling network for SAA (Figures 1 to 5, Table

1). We have also found that light acclimation responses are

associated with a wavelength-specific cellular light memory

effect that lasts for several days or longer (Figures 6 and 7).

Quantum-Redox Regulation of Light

Acclimatory Responses

The patchy character of changes in Fv/Fm in leaves undergoing

SAA in comparison with the gradient pattern of NPQ changes

suggests a specific character and the role of NPQ in SAA (Figures

1C to 1E, 2C, and 2E). Systemic changes in NPQ are intriguing,

since the available data in the literature indicate that NPQ

changes only appear in leaves directly exposed to excess light

(Niyogi, 2000; Holt et al., 2004; Baker, 2008). Therefore, we ask

ourselves: What is the meaning and mechanism of systemic

changes in NPQ? The others’ (Niyogi, 2000; Kulheim et al., 2002)

and our (Mateo et al., 2004; Klenell et al., 2005) data indicate that

changes in NPQ are prerequisites for light acclimation, immune

defenses, and survival in the natural fluctuating light environ-

ment. Systemic reduction of NPQ correlates with an increase in

H2O2 (Figures 1E, 1F, and 2B to 2E) and with reduction of

stomatal conductance (Mateo et al., 2004; Mühlenbock et al.,

2008); therefore, systemic changes in NPQ and other chlorophyll

fluorescence parameters must be an active and physiologically

regulated process. Therefore, it is highly intriguing to determine

what mechanisms and algorithms are used by plant leaves to

calculate patchy changes in Fv/Fm and gradient wave-like NPQ

changes in directly exposed leaves and leaves undergoing SAA.

Peak et al. (2004) suggested that dynamic and emergent chlo-

rophyll fluorescence and stomatal aperture change patterns

are calculated in leaves by mathematical algorithms similar to

the cellular automation (von Neumann and Morgenstern, 1944).

However, Peak et al. (2004) did not identify the biological

hardware that regulates these dynamic, emergent, and antago-

nistic changes of chlorophyll fluorescence and stomatal aper-

ture. Our results (Mühlenbock et al., 2008) indicated that ROS,

induction of marker genes, programmed cell death, immune

defenses, and changes in stomatal conductance in response to

excess light are inversely regulated by light enriched in 650 and

700 nm or by DCMU and DBMIB treatment. Here, we identified

parts of the biological hardware that regulates changes de-

scribed by Peak et al. (2004).

It is known that chloroplasts are connected with each other as

well aswith the nucleus and plasmamembrane by stromules that

form a cellular network of extended chloroplast envelope mem-

branes (Senn, 1908; Kwok and Hanson, 2003a, 2003b; Hanson

and Sattarzadeh, 2008). Moreover, chloroplasts connected by

stromules can communicate with each other (Köhler et al., 1997).

Our results indicate that communication between chloroplasts of

distant cells in different organs is possible at the whole-plant

level with, for example, PEPS transduced from chloroplasts to

other chloroplasts or nucleus or plasma membrane by a orga-

nized globalmembrane network. The electrophysiological nature

of PEPS obtained from studies in animals, plants, and our results

strongly suggests involvement of plasma membrane ion chan-

nels in signal propagation and in induction of SAA markers (e.g.,

Figures 4A, 4B, 5I, and 5J).

Programmed cell death in leaves undergoing SAA was mainly

induced near vascular foliar tissues (Mühlenbock et al., 2008).

Figure 7. Cellular Excess Light Memory of White, Blue (450-nm Wave-

length), and Red (650-nm Wavelength) Light Episodes Expressed by

Changes of Foliar H2O2 Levels.

Arabidopsis Col-0 rosettes grown under low-light conditions (LL; mmol

photons m�2 s�1) were exposed to excess white light (EL; 1500 mmol

photons m�2 s�1; 1 h), excess blue light (BL; 80 mmol photons m�2 s�1; 4

h), and excess red light (RL; 120 mmol photons m�2 s�1; 4 h). Foliar H2O2

levels were determined 1, 48, and 96 h after excess light incidents. The

results show data from three independent experiments and five repeti-

tions (n = 15) expressed as mean, with bars indicating SD. Significant

differences in comparison with LL conditions are indicated according to

Student’s t test (*P # 0.05, **P # 0.005, and ***P # 0.001).
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Systemic induction of APX2 expression was also observed in

bundle sheath cells that surround vascular tissues (Karpinski

et al., 1999; Fryer et al., 2003), and recently ABA signaling

between vascular and surrounding bundle sheath cells during

light acclimatory responseswas demonstrated (Galvez-Valdivieso

et al., 2009). Here, we observed the lowest NPQ in the prox-

imity of a leaf central vein in leaves undergoing SAA (Figure 1E;

see Supplemental Figure 5 online). We also detected higher

expression of APX1:LUC and higher H2O2 levels in inflorescence

stem in regions with reduced NPQ (Figure 2E). Such systemic

changes in NPQ must be induced by systemic changes in the

chloroplast lumen acidification and subsequent activation of the

xanthophyll cycle, and as a consequence this must induce ROS/

hormonal response loops (Karpinski et al., 1999; Demming-

Adams and Adams, 2000; Fryer et al., 2003; Chang et al., 2004;

Havaux et al., 2004; Pascal et al., 2005; Mullineaux et al., 2006;

Ruban et al., 2007; Johnson et al., 2008;Mühlenbock et al., 2008;

Galvez-Valdivieso et al., 2009). This, in turn, leads, for example,

to reduction of stomatal conductance and a photorespiratory

burst of ethylene and ROS in some sectors of a leaf and in a

consequence to induction of programmed cell death in adjacent

cells (Mühlenbock et al., 2008).

In previous work, we reasoned that induction of molecular

markers of light acclimatory responses (APX1 and APX2) is

regulated, at least in part, by redox changes of the glutathione

andPQpools (Karpinski et al., 1997, 1999; Karpinska et al., 2000;

Fryer et al., 2003; Ball et al., 2004; Chang et al., 2004; Mühlenbock

et al., 2008). This was mainly concluded based on the fact that

DCMU blocked or diminished electron transfer from QB to

the PQ pool, reduced nearly completely NPQ, strongly dimin-

ished chloroplastic H2O2 production (Ślesak et al., 2003), and

blocked or diminished excess light induction of APX1 and APX2.

Recently, we demonstrated that DCMU/DBMIB effect could be

induced by light-1 and light-2, respectively (Mühlenbock et al.,

2008) (light-1 enriched in 700-nm wavelength and light-2 en-

riched in 650-nm wavelength). The results presented in Figure 4

confirm this observation, and additionally, we demonstrated

here that deficiency in glutathione synthesis in chloroplasts that

deregulate APX2 expression in normal low-light conditions (Ball

et al., 2004) also deregulates redox status of the PQ pool (Table

1). Such possible redox interactions of glutathione and PQ pools

during excess light responses that regulate pH gradient across

the thylakoid membrane and APX1 and APX2 gene expression

was suggested before (Karpinska et al., 2000). Therefore, the

results presented here (Table 1) prove that the redox changes of

glutathione and PQ pools and regulation of, for example, APX2

gene expression are indeed physiologically and genetically linked

to each other. Similar links for glutathione and salicylic acid

synthesis was also demonstrated before (Mateo et al., 2006).

In this work, we also demonstrated that red but not blue

excess light mainly induces APX1 and APX2 expression and that

functional APX2 is required for induction of normal PEPS in

response to excess light incident (Figure 3). Therefore, we tested

if other light sensing mechanisms, such as cryptochromes,

phytochromes, and phototropins, could be involved in the reg-

ulation of APX1 and APX2 expression. Deficiency in functional

CRY1 and CRY2, PHYA and PHYB, and PHOT1 and PHOT2

proteins did not block or diminished excess light induction of

APX1 and APX2, like it is observed in combined excess light and

DCMU experiments and in the case of APX2 also in excess light

and DBMIB experiments (Figure 4; see Supplemental Figure

1 online). On the contrary, APX1 and APX2 preinduction in low

light and further induction in response to excess white light was

observed in all these mutants except for APX2 in npq4 (see

Supplemental Figures 1A and 1B online). These results indicate

that the presence of active CRY1 and CRY2, PHYA and PHYB,

and PHOT1 and PHOT2 influenced APX1 and APX2 expression

and light acclimatory responses, for example, due to the lack of

normal chloroplast avoidance response or phenolic compound

synthesis. The absence of these responsesmakesmutant plants

sensitive to low-light intensities and indicates a secondary reg-

ulatory effect.

In npq4 null mutants (with inactive S-protein in PSII [PsbS]),

which show constitutively strongly diminished NPQ (see Sup-

plemental Figure 1C online) and are not able to acclimate to

natural variable light conditions (Kulheim et al., 2002), relative

foliar APX2 transcript levels were always high (10-fold), regard-

less of low or excess white light treatments (see Supplemental

Figure 1B online). However, this was not observed for APX1 (see

Supplemental Figure 1A online). These results confirm our pre-

vious interpretations that specific quantum redox events in PSII

and its proximity are indeed important for the regulation of APX2

expression during light acclimatory responses and confirm that

APX2 is indeed a robust molecular marker of light acclimatory

responses, such as SAA, and retrograde chloroplast to nucleus

signaling.

Quantum Redox Regulation of PEPS

Peak et al. (2004) demonstrated that reduction in stomatal

conductance was inversely correlated with increase of chloro-

phyll fluorescence (Peak et al., 2004; Mott and Peak, 2007). The

data from their studies demonstrate that chlorophyll fluores-

cence changes are an accurate surrogate for stomatal aperture.

The evidence presented in the literature indicates that the

function of stomata cells and the mechanism regulating their

aperture play essential roles in light acclimation and immune

defenses (Kwak et al., 2003; Mateo et al., 2004; Melotto et al.,

2006). We demonstrated before that spectral composition of

light and quantum redox events in PSII and its proximity are

important for the regulation of stomatal aperture and, as a

consequence, for SAA and SAR (Mateo et al., 2004; Mühlenbock

et al., 2008; Chang et al., 2009). However we, as well as Melotto

et al. (2006), did not take into consideration the fact that stomata

aperture in leaves changes in cycles with constant rate (Peak

et al., 2004; Mott and Peak, 2007). Peak et al. (2004) demon-

strated that stomatal aperture and chlorophyll fluorescence

values are actually computed by leaves with the use of a

mathematical algorithm similar to the cellular automation that

optimizes transpiration and photosynthesis.

If plant leaves indeed perform emergent and dynamic com-

puting as suggested by Peak et al. (2004), do they have other

attributes of electronic computation, such as electrical signaling

and memory? In animals, electric signals transduced by neuron

cells organized in a network are essential for life (Trewavas, 2003;

Spencer et al., 2004; Baluska et al., 2005). These signals regulate
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coordination of movements, vision, hearing, sense of smell,

taste, and temperature, and many other inputs from the envi-

ronment. The neuron network in animals is responsible for

learning and memory processes (Nagai et al., 1996; Firestein,

2001). In plants, systemic electrical signaling transduced by

a specialized network of cells is not well described, and the

electrical signaling network was considered as primitive and

simple, in comparison with that in animals (Bowles, 1990;

Trewavas, 2003; Davies, 2004). Moreover, plants are widely

considered to be passive organisms that are not in need of rapid

electrical long-distance signaling and excitability (Baluska et al.,

2005). Electrical signaling in plants is used for signaling injury

(Fromm and Eschrich, 1989; Wildon et al., 1992), potential

dangers of injury (e.g., touch), in mimosa (Koziolek et al., 2004),

of drugs (Mwesigwa et al., 2000; Volkov et al., 2001) and others,

or in other specialized plants it is used for hunting of insects

(Higinbotham, 1973). Our results demonstrate a different and

more complicated picture of the PEPS network and its potential

role in light acclimation and immune defense in plants (Lautner

et al., 2005).

It was suggested earlier that generation of electrophysiological

signaling in plants is made in keeping with the all-or-none law,

according to which the maximum spike is obtained once a

threshold stimulus is given, and increasing the intensity of the

stimulus does not increase the response (Higinbotham, 1973;

Davies, 2004). Our results indicate that PEPS requires relatively

high light energy input (Figure 3G), but different action potentials

depend on the applied spectrum and the provided light energy

(Figures 3 and 5). We demonstrated that specific PEPS are

induced by different light wavelengths, are transduced, at least in

part, by bundle sheath cell layer, and that PEPS is deregulated by

quantum redox events in PSII and its proximity (e.g., changes in

NPQ and in redox status of the glutathione and PQ pools). Such

changes regulate, at least in part, APX1 and APX2 gene expres-

sion (Figures 1 to 4), stomatal conductance, programmed cell

death, and in consequence SAA and SAR (Karpinski et al., 1999;

Mühlenbock et al., 2008). Moreover, PEPS propagation speed

and action potential depend on functional APX2 (Figures 3E, 3F,

and 3H), which is exclusively expressed in the bundle sheath cell

layer (Fryer et al., 2003). It is probably transducing information to

the naive cells, which never experienced excess light episodes.

PEPS propagation from cell to cell in the bundle sheath layermay

generate changes in cellular redox status of naive adjacent

vascular or mesophyll cells and, thus, in naive chloroplasts and

PSII; therefore, it may induce changes in ROS/hormonal homeo-

stasis that regulate light acclimation and immune defenses

(Karpinski et al., 1999;Mullineaux et al., 2000, 2006;Mühlenbock

et al., 2008; Galvez-Valdivieso et al., 2009). This reasoning is

supported by several facts.

First, PEPS is deregulated in local and systemic leaves of cad2

mutant plants (Figures 5K and 5L) that have altered redox status

of the PQ pool (Table 1), have deregulated APX2 expression, and

are not able to acclimate to high light intensities and induce

normal immune defenses (Ball et al., 2004).

Second, DCMU and DBMIB differentially deregulated PEPS in

leaves directly exposed to excess light and in leaves undergoing

SAA (Figures 5E to 5H). This strongly correlates with differential

regulation of APX1:LUC and to a weaker extent with APX2:LUC.

Third, blue and red excess light of similar energies differentially

regulate PEPS, APX1 and APX2 gene expression, and immune

defenses in directly exposed leaves and in leaves undergoing

SAA (Figures 3, 6, and 7). It is well known that PSII will be more

excited than PSI by excess of red light of 650-nm wavelength,

so-called light-2 that induces state-2 transition regulated by

overreduction of the PQ pool (Bellafiore et al., 2005; Pascal et al.,

2005; Barneche et al., 2006). Excess blue light (450-nm wave-

length) will equally excite both PSII and PSI and does not cause

overreduction of the PQ pool, and it is not able to induce state-2

transition. This is confirmed by the fact that red, but not blue

excess light, induced APX1:LUC and APX2:LUC and immune

defenses (Figures 3, 6, and 7).

Fourth, we observed a strong similarity between patterns of

PEPS in apx2mutants in local and systemic leaves in response to

switched on and off white excess light incidents to that induced

by excess red light in wild-type plants. This result suggests a

specific role of APX2 in the regulation of excess red light signals

transduced by bundle sheath cells (Figures 1 to 3). This is also

confirmed by the fact thatAPX2:LUCwas induced by red but not

by blue light of the same energy and that the known blue and red

light photoreceptors do not specifically regulate excess light

induction of APX2 (see Supplemental Figure 1B online).

Fifth, the propagation speed of PEPS is deregulated in apx2-1

null mutants (Figure 3H) in such a way that lack of functional

APX2 maximizes the propagation speed of PEPS.

Finally, DCMU and LaCl3 treatment of light-exposed local

leaves and mechanical breaking of petiole vasculature lead to

restricted (strongly reduced) systemic PEPS changes and to

absence of induction of SAA molecular markers (APX1:LUC and

APX2:LUC; Figures 4 and 5).

Cellular Light Memory

A definition of memory and intelligence for plants was proposed

by Trewavas (2003): adaptively variable growth and develop-

ment during the lifetime of the individual. In animals, memory is

connected with intelligence in such a way; the more intelligent

the organism is, the greater the degree of individual adaptively

variable behavior. Because this definition was used to describe

intelligence in other organisms than humans, we used this

definition in our experimental system. Do plants exhibit memory

and behavior that result from memorized previous events? Our

data (Figures 6 and 7; see Supplemental Figure 4 online) indicate

that plants possessmemory of previous light incidents, hereafter

called cellular light memory, which is used for optimization of

future light acclimatory and immune defense responses. In other

words, plants can store and use information from the spectral

composition of light to anticipate changes that might appear in

the near future in the environment, for example, for anticipation of

pathogen attack (Figures 6 and 7). Therefore, plants have to

possess a mechanism for processing of the memorized infor-

mation.

Here, we have to ask, why do plants evolve mechanisms in

which excess light and its spectral composition regulate immune

defenses? A straightforward answer to this question is difficult,

and several answers could be given. One possible answer is that

in dense canopy, light intensities are strongly reduced; therefore,
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the majority of leaves are in shade (low or very low light) and

thus are prone to, for example, pathogen attack (Figure 6)

(Mühlenbock et al., 2008). SAA is in fact a mechanism in which

plants use the disadvantages of being partly exposed to excess

light (condition that generates EEE) to strengthen, for example,

immune defenses in the dense canopy zone. This explains why

plants possess a natural capacity to absorb more light energy

than that required for photosynthesis. They need this excess

energy for optimization of acclimatory and immune defense

responses.

CONCLUSIONS

From the work of Peak et al. (2004), Mott and Peak (2007),

Melotto et al. (2006), from our own work (Karpinski et al., 1999;

Fryer et al., 2003; Chang et al., 2004, 2009; Mateo et al., 2004;

Klenell et al., 2005; Mühlenbock et al., 2007, 2008), and the

experiments presented here, we conclude that plants solve their

optimal light acclimation (SAA), immune defense (SAR and innate

immunity), photosynthesis, and transpiration by a computational

algorithm (cellular automation) in which input, output, and pro-

cessing of the data are all accomplished using the same hard-

ware. Our experiments identified some parts of this hardware,

which includes quantum redox changes in PSII and in its prox-

imity (e.g., in NPQ and redox status of the glutathione and PQ

pools), PEPS, ROS/hormonal circuits, and finally the cellular light

memory. Probably, it is the most elegant system that evolved in

complex photosynthetic organisms, since it uses absorbed

photons energy in excess by some leaves to improve survival

chances of a whole plant. Animals have their network of neuron

synapses, electrophysiological circuits, and memory, but plants

have their network of chloroplasts (connected by stromules),

PEPS circuits transduced by bundle sheath cells, and cellular

light (quantum)memory.We are aware that these results suggest

that plants have the capacity to be trained and memorize;

indeed, leaves in the dark are able to not only see the light (Foyer

and Noctor, 1999; Karpinski et al., 1999), but also are able to

differently remember its spectral composition and use this

memorized information to increase their survival chances.

METHODS

Plant Material

Arabidopsis thaliana ecotype Col-0 and transgenic lines with hybrid

reporter gene construct, for example, ASCORBATE PEROXIDASE1

(APX1) and APX2 promoter fused in frame with firefly LUCIFERASE

(LUC) gene APX1:LUC and APX2:LUC (Karpinski et al., 1999), were used.

The following mutants were also analyzed: recessive npq4mutant, kindly

provided by K. Niyogi Laboratory, University of California, Berkeley, CA;

phot1/phot2 byM.Wada Laboratory, Kyushu University, Fukuoka Japan;

phyA-211 and phyB-9 from E. Schäfer Laboratory, Freiburg University,

Germany; and cad2 and rax1-1 null mutants deficient in g-GSH1 synthe-

tase (Ball et al., 2004). Recessive null mutant apx2-1 was isolated from

activation-tagged primary lines of Arabidopsis ecotype Col-7 (M2; first

and second donation from SALK). The mutant was backcrossed to Col-0

(and reciprocally) to assertMendelian segregation of the Basta resistance

and the lack of APX2 expression traits in the F2 by t test. Plants were

cultivated under short photoperiod (9 h), temperature 22/188C (day/night,

respectively), relative humidity of 70 to 80%, and illumination from a

mixture of fluorescence tubes L30W/77-fluora and 30W41-827 lumilux

(OSRAM), with the intensity of 100 6 20 mmol photons m22 s21. For

experiments, 6- and 10-week-old plants were used.

Light, Bacterial, and Pharmacological Treatment

Arabidopsis rosettes were fully or partly exposed to excess white light

(2000 or 1500 mmol photons m22 s21; 1 h), blue (80 mmol photons m22

s21; 4 h, 4506 20 nm) and red light (120mmol photonsm22 s21; 4 h, 6506

20 nm) supplied by light-emitting diode panels (Photon System Inst.).

The above light conditions provided similar energy at the indicated

spectral regions. Heat emission from the light source was insignificant.

Otherwise, low light (100 6 20 mmol photons m22 s21) conditions were

used. During electrophysiological experiments, leaves were exposed to

excess light of 1500 mmol photons m22 s21 supplied by a halogen lamp.

Light was directed on a single leaf by optical fiber and selective filters

(Jenaer Glaswerk Schott and Gen.) of 650- and 450-nmwavelength were

used when required.

In experiments with mechanically damaged petioles and photosyn-

thetic electron transport inhibitors, 15 min before the excess light, leaves

were treated as follows: main veins in petioles of exposed leaves were

mechanically interrupted with a wood splinter (see Supplemental Figure 3

online) or leaves and their petiole were treated with 14 mM DBMIB, 8 mM

DCMU, or 10 mM lanthanide chloride (LaCl3) as described earlier

(Karpinski et al., 1999; Mühlenbock et al., 2008). Systemic leaves were

kept at low light (100 6 20 mmol photons m22 s21) conditions (Figures

1, 2, and 4) or in the twilight zone (<0.1 mmol photons m22 s21) for

experiments presented in Figures 4 and 5. In experiments with DCMU

and DBMIB partially treated rosettes (Figures 3 and 5), the action of

inhibitors was monitored by measurement of chlorophyll a fluorescence

parameters (see Supplemental Figure 2 online). These measurements

ensured us that the effects of DCMU and DBMIB were not significantly

spreading to systemic leaves.

In the pathogen proliferation tests, leaves of Col-0 plants were inoc-

ulated with Pseudomonas syringae pv tomato DC3000 strains by subepi-

dermal injections 1 h before and 1, 8, and 24 h after exposure to excess

light episodes and bacterial growth wasmeasured at 1, 48, and 96 h after

infection (for details, see figure legends) as described before (Rusterucci

et al., 2001; Mühlenbock et al., 2008).

Imaging andMeasurements of Transgene Induction andExpression

Expression of APX1:LUC was imaged in leaves after removal of plants

from the given treatment and spraying them with 1 mM luciferin

(Promega). Leaves were kept in the dark for ;15 min and imaged with

a Peltier-cooled CCD camera (Wright Instruments) for 4 min. APX1:LUC

induction was quantified in three leaves of each rosette. Collected

samples (;5 mg) were also grinded in 0.5 mL lysis buffer (Promega kit).

About 50 mL of the homogenate was placed under a luminometer tube

(Berthold), and 50 mL of luciferin assay was added 10 s before the

measurement. LUs or RLUs were expressed per gram fresh weight of

leaves.

Chlorophyll Fluorescence Parameters

Chlorophyll fluorescence parameters were determined with a portable

fluorescencemonitoring system (FMS1) and themanufacturer’s software

(Hansatech). Images of the NPQ and Fv/Fm were generated as described

by Barbagallo et al. (2003) using a FluorImager and the associated

software (Technologica and Photon System Inst.). Chlorophyll fluores-

cence terminology is explained in detail elsewhere (Maxwell and Johnson,

2000; Baker, 2008).
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PlasmaMembrane Electrical Potential Measurements

Electrical potential difference across the plasma membrane was mea-

sured by impaling a cell with a microelectrode filled with 1 M KCl

connected to a microelectrode preamplifier. Impalements were made

using a three-dimensional micromanipulator, the tip of one microelec-

trode was inserted into veins of the locally treated leaves, and the tip of a

second electrode was placed in one of the systemic leaves. Implemen-

tation of the microelectrode was made under380 magnification, and the

number of cell layers through which the microelectrode had penetrated

was detected by specific changes of the displayed electrical potential of

the instrument. All experiments were performed in a chamber (see

Supplemental Figure 3B online) filled with a solid transparent silicon layer

(3 mm) and with buffered solution containing 5 mM MES and 0.1 mM

CaCl2, pH 6, at room temperature (228C to 248C). The chamber and fiber

optics were arranged in such a way that systemic part of Arabidopsis

rosettes was isolated from direct light provided by optic fibers and was in

the twilight zone (<0.1 mmol photons m22 s21). The reference electrode

(Ag/AgCl) was immersed in this solution. The light was turned on and off

during the experiment, and the action potential was measured simulta-

neously for 30 to 40 min in two separated single bundle sheath cells (in

two different leaves) by a coupled system of Axoclamp-2B (Axon Instru-

ments), and the simultaneous dual signal was recorded by the Axoscope

10.1 program.

The Analysis of the Redox State of PQ

HPLC was used to estimate the concentration of oxidized PQ and

reduced PQ (PQH2) in leaves according to the protocol described in detail

by Kruk and Karpinski (2006). PQ and PQH2 concentrations were deter-

mined based on the area of the peaks of standard PQandPQH2 solutions.

The concentration of oxidized and reduced PQ standards was deter-

mined using «255 = 17.94 mM21 cm21 for PQ and «290 = 3.39 mM21 cm21

for PQH2, both in absolute ethanol.

Hydrogen Peroxide Measurements

Total H2O2 content wasmeasured in fresh plantmaterial by a fluorometric

assay with homovanillic acid according to Ishikawa et al. (1993). Samples

were homogenized in 0.6 mL of ice-cold 5% TCA and centrifuged. The

reaction mixture contained 1% supernatant, 1.25mMhomovanillic acid, l

unit of horseradish peroxidase (Sigma-Aldrich), and 25 mM potassium

phosphate buffer, pH 7.5. The fluorescence was measured at the exci-

tation wavelength of 315 nm and emission of 425 nm.

For fluorescence microscopy analysis of hydrogen peroxide, leaves

were sprayed with 2’,7’-dichlorofluorescein diacetate just before the

experiment.

Statistical Analysis

All experiments were performed in at least three independent experi-

mental repetitions, and number of replicates for each experiment is given

in the figure legends. Results are expressed as means 6 SD. Student’s

t test (for equality of means) was used for comparisons among light

treatments, and a difference at P < 0.05 was considered weakly signif-

icant, P < 0.005 significant, and P < 0.001 strongly significant.

RNA Isolation, cDNA Preparation, Primer Design, and PCR

A standard protocol was used for total RNA extraction and first-strand

cDNA synthesis. Primer pairs for quantification of APX1 mRNA (forward

59-CGTCTGATGCTGACTACGCT-39 and reversed 59-ACTACGCTTG-

CATCGTCGCT-39) and of APX2 mRNA (forward 59-CGGTTGGTAGTT-

GAAGAAGTC-39 and reverse 59-AAGAAAGCTGTTCAGAGATGC-39)

transcripts were used for PCR reaction. Harvested leaf tissue or other

specified parts of the plant were frozen and ground to a fine powder in

liquid nitrogen. RNA extraction was performed using a Qiagen Rneasy

plant mini kit (Qiagen) followed by DNA-free kit (Ambion). The first cDNA

strand was synthesized with a RETROscript kit (Ambion). RT-PCRs were

performed using specific primers custom made from Invitrogen and

combined with 18S RNA as an internal standard (QuantumRNA 18S;

Ambion). Quantitative RT-PCR was performed using a 2:8 molar ratio of

18S primers/competimers (this ratio was experimentally determined

before; Mühlenbock et al., 2008). Quantitative analysis was performed

with ethidium bromide staining after 5, 10, 15, and 20 RT-PCR cycles in

comparison to the internal standard. Such DNA concentrations gave

linear responses of the sample and the internal 18S RNA standard and

were calculated in such a way that relative APX1 and APX2 gene

induction values were in the range of the relative induction values ob-

tained by a luciferase assay in APX1:LUC and APX2:LUC transgenenic

plants exposed to excess light. This RT-PCR method was successfully

used before in our laboratory (Mühlenbock et al., 2008; Chang et al.,

2009). The relative expression was determined by the ratio of sample

band intensity/internal standard band intensity using a densitometer

system (GS-800; Bio-Rad Laboratories). A pool of samples from three

plants for each line was collected, and two independent experiments

were performed with several technical repetitions per experiment.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL

databases under the following accession numbers: AT1G07890 (APX1),

AT3G09640 (APX2), AT2G21730 (CAD2), AT4G08920 (CRY1), AT1G04400

(CRY2), AT2G925080 (GSH1), AT1G44575 (NPQ4), AT1G09570 (PHYA),

AT2G18790 (PHYB), AT3G45780 (PHOT1), and AT5G58140 (PHOT2).
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Supplemental Figure 4. Cellular Light Memory Expressed by
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