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Abstract

Plant chloroplasts emit signals that regulate the expression of nuclear-encoded genes, a process known as retro-
grade signaling. Environmental stresses, such as rapid and dynamic changes in light intensity and quality, tem-
perature, relative humidity, water and CO2 availability, cause excess absorption of light energy (EEE) and induce
chlorophyll fluorescence and heat dissipation, which lead to the generation of singlet stages of dioxygen, chloro-
phyll and carotenoid molecules. These primary quantum events in photosynthesis induce secondary redox re-
actions in photosystems, e.g. electrical charge separation, chloroplast lumen acidification and activation of
the xanthophyll cycle by means of non-photochemical quenching (NPQ), redox reactions between the photosyn-
thetic electron carriers (electron transport), and formation of reactive oxygen species. These, in turn, induce cas-
cades of physiologically regulated redox reactions in the chloroplast stroma metabolism that regulate cellular light
memory. Recently published data suggest that plants, with the help of EEE, NPQ, photoelectrochemical-redox
retrograde signaling and cellular light memory, are able to perform biological processing in order to optimize their
photosynthesis, transpiration, light acclimatory and defense responses, and in consequence, their Darwinian
fitness. Understanding of the above-mentioned processes is crucial for future biotechnological amelioration of
crop production.
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electron transport, reactive oxygen species, retrograde photo-electrochemical and hormonal signaling

Introduction

Oxygenic photosynthesis has created an oxygen-rich

atmosphere and allowed for the evolution of a rich va-

riety of heterotrophic life forms on Earth. Photosynthe-

sis in plants is performed by specialized semiautono-

mous organelles called plastids, essential to almost all

aspects of a plant’s life. It is widely accepted that plas-

tids originated from the engulfment of a photosynthetic

bacterium by a eukaryotic cell circa 1.2 billion years ago

(Douzery et al., 2004). The post-endo-symbiotic evolu-

tion of modern plant chloroplasts is characterized by a

massive transfer of bacterial genes to the nucleus. In

fact, approximately 2500 genes in the Arabidopsis  geno-

me that are required to build up a fully functional chloro-

plast, are now encoded in the nucleus, translated in

the cytosol, and post-translationally imported into the or-

ganelle (Bedard and Jarvis, 2005). However, the remain-

der are encoded and synthesized within the organelle

itself by its genetic system (Jarvis, 2007; Rogalski et al.,

2008a, 2008b). Location of the genes encoding the orga-

nelle proteins in the different cellular compartments (nu-

cleus and plastids) implies the existence of specific mole-

cular and physiological mechanisms that orchestrate

the coordination of nuclear and plastid gene expression

to maintain plastid and cellular functions under different

developmental stages and environmental conditions.

Cross-talk between organelles includes both antero-

grade (nucleus-to-organelle) and retrograde (organelle-to-

nucleus) signaling. In an anterograde regulation, nuclear-

encoded regulators that convey information on the cell

type are able to regulate the expression of nuclear-en-

coded and plastid-encoded genes so that the proper stoi-

chiometry of subunits of the plastid protein complexes

is achieved for adequate development and functioning

within a particular cell type (Pesaresi et al., 2007, 2009;

Kleine et al., 2009; Jung and Chory, 2010). This type of



S. Karpiński, M. Szechyńska-Hebda28

regulation includes, inter alia, regulation of plastid de-

velopment and activation of the plastid-encoded gene ex-

pression system (Chatterjee et al., 1996). In retrograde

signaling, the expression of nuclear-encoded genes is re-

gulated by plastid-specific signals. These signals reflect

both the developmental and functional state of plastids.

In the case of the absence of functional chloroplast de-

velopment, light-stimulated expression of nucleus-enco-

ded genes such as the light-harvesting chlorophyll a/b

binding protein (LHC) and Rubisco small subunit (RbcS)

is repressed (Susek et al., 1993; Fankhauser and Chory,

1997; Mochizuki et al., 2008; Jung and Chory, 2010).

Once a seedling is established, most of the retro-

grade signals are dependent on the availability or limita-

tion of light energy. Under conditions where the light

energy absorbed is less than, or equal to, that required

to support CO2 assimilation, the plant uses different re-

dox signals to regulate its photosynthetic gene expres-

sion, compared to conditions when photosynthetically

active photon flux density is in excess. Under lower light

levels (up to 100 μmol photons m!2s!1), changes in light

quality are relayed via signals that are generally believed

to originate in or near the PQ pool (Asada, 2000). At

higher irradiances (300-1200 μmol photons m!2s!1), re-

dox signals are conveyed via the glutathione redox cycle

and reactive oxygen species (ROS). When the absorption

of light energy is in excess (EEE; 900-2500 μmol pho-

tons m!2s!1) of that actually required for CO2 assimila-

tion, the intersystem electron carriers are transiently

over-reduced, which results in ROS-mediated damage to

D1 protein and subsequent photoinhibition. Failure to

dissipate EEE can be highly damaging to a plant’s

chloroplasts and often manifests itself as chlorosis,

bleaching or bronzing of leaves due to the imbalanced

metabolism of ROS (Karpinski et al., 1999; Niyogi, 2000;

Apel and Hirt, 2004). However, in the recent decade it

has been demonstrated that EEE induced ROS-signaling

by abiotic stresses are perceived in the plastid (e.g.

rapid increases in light intensity or temperature, or

a reduction in relative humidity, water and CO2 availa-

bility) lead to effective plastid retrograde signaling. This

type of signaling is essential for developmental and phy-

siological processes, such as control of stomatal aper-

ture to adjust optimal gas exchange, photosynthesis and

transpiration, regulation of systemic acquired acclima-

tion (SAA) and systemic acquired resistance (SAR) that

are associated with programmed cell death (PCD) (Kwak

et al., 2003; Melotto et al., 2006; Rossel et al., 2007;

Muhlenbock et al., 2007, 2008; Szechyńska-Hebda et al.,

2010). These pathways concern both intra- and extra-

cellular retrograde signaling.

In the literature, there are limited data regarding

the molecular basis of the mechanisms that coordinate

the variety of retrograde signaling pathways and how,

when and where these pathways interact. Due to their

complexity, it is very difficult to separate their basic

elements. Recently, we have demonstrated that an over-

excited photosystem II (PSII) generates light wave-

length-specific photo-electrochemical signaling that si-

multaneously regulates local and systemic cellular light

acclimation and defense responses (Szechyńska-Hebda

et al., 2010; Karpiński and Szechyńska-Hebda, 2010). We

called this simultaneous induction of light acclimatory and

defense responses a cellular light (quantum) memory

because one single incident (e.g. 1 h) of an excess white,

red (650 nm) or blue (450 nm) wavelength of light is

physiologically and specifically memorized for several days

or longer (Szechyńska-Hebda et al., 2010). The electro-

chemical signals induced in response to different light

treatments are also specific (Fig. 2A) and can be trans-

duced from chloroplast to the nucleus, from chloroplasts

to the plasma membrane by the chloroplast stromules

and further by the membrane network in bundle sheath

cells, and therefore, might be crucial in retrograde signa-

ling (Fig. 2B). In this paper, we discuss the current

knowledge and understanding of the role of photo-

electrochemical signaling and redox reactions in retro-

grade signaling which is induced by EEE. Moreover, we

attempt to answer the following question: How can the

signal be transmitted within the cells, and communicated

to the different tissues and organs and memorized?

Pauli exclusion, principle and quantum-redox re-

actions in plants

Organisms in an oxygen-rich atmosphere have to

deal with the dangers of oxidative stress. Plants espe-

cially are exposed to oxidative stress caused by photo-

synthetic processes. In a simplified model of photo-

synthesis, the absorbed photon energy can be used for

photochemical reactions, induction of chlorophyll fluo-

rescence and heat generation. When photosynthetically

active photon flux density is in excess, the intersystem

electron carriers are over-reduced and the larger part of

the photon energy absorbed by the chlorophyll mole-
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cules, in the form of electron resonance, is transferred

to oxygen molecules and results in the formation of ROS,

such as: singlet oxygen (1O2), superoxide anion (O2
C!),

hydrogen peroxide (H2O2) and other peroxides (Asada,

1999). The production rates of O2
C! and its dismutation

product, H2O2, in one chloroplast of higher plants during

photosynthesis are estimated at 240 and 120 μM s!1,

respectively (Asada 1999). These amounts can inhibit

Calvin cycle enzymes within seconds. Therefore, the exi-

stence of ROS scavenging systems, such as the water-

water cycle, are fundamental to maintaining photosyn-

thetic activity and preventing the formation of the highly

reactive and dangerous hydroxyl radical (!COH) resulting

from Fenton type reactions.

Oxygen in the ground (triplet) state (3O2) is a mole-

cule with two unpaired electrons, each located in dif-

ferent π*2p antibonding orbitals. These two electrons

have the same spin quantum number. Such an organi-

zation of electrons is energetically very unfavourable and

naturally qualifies 3O2 as a potential radical. One expres-

sion of the Pauli’s exclusion principle is that no two

electrons in the same atom can be in the same quantum

state at the same time, therefore, addition of a pair of

electrons to 3O2 is forbidden. According to the Pauli’s ex-

clusion principle (a basic quantum physics law), oxygen

activation may occur via two different mechanisms, e.g.

monovalent reduction or absorption of sufficient energy

to reverse the spin on one of the unpaired electrons.

The monovalent reduction of the oxygen particle leads

to the formation of superoxide (O2
C!) and hydrogen

peroxide (H2O2). However, if these two ROS were not

separated in the sub-cellular space and in the presence

of, e.g. Fe3+, !COH could be formed and induce a chain

reaction of, e.g. lipid peroxidation (Fridovich, 1997; Kob-

zev and Urvaev, 2006).

The major mechanism of singlet oxygen (1O2) pro-

duction/scavenging in biological systems is dependent

on the energy transfer between photo-excited pigments.

In photosynthetic organisms, 1O2 is primarily generated

in photodynamic reactions between excited chlorophyll

and 3O2. Light absorption results in singlet-state excita-

tion of a Chl a molecule (1Chl*). When this occurs, an

alternative reaction can convert the singlet excited state

into the triplet excited state (3Chl*). Therefore, the tri-

plet pathway can be a significant valve for excess excita-

tion (4-25% of absorbed photons; Foyer and Harbinson,

1999), however, the energy of the triplet-excited chloro-

phyll state (3Chl*) can simultaneously be transferred di-

rectly to the other triplet molecules, since the reaction be-

tween the triplet molecules is not spin-forbidden. 3Chl*

reacts with the ever present oxygen (O2) to form 1O2.

In terms of their antioxidant properties, carotenoids

can protect the photosystems in several ways: by re-

acting with lipid peroxidation products to terminate

chain reactions; by scavenging 1O2 and dissipating

the energy as heat; by the dissipation of EEE through

the xanthophyll cycle; or by reacting with triplet or exci-

ted chlorophyll molecules to prevent the formation of
1O2. In the PSII reaction center (P680), two molecules

of β-carotene participate in the quenching of 1O2 gene-

rated via 3P680*. However, the distance between β-caro-

tene and P680 in PSII does not allow direct quenching

of 3P680* by β-carotene. Oxidation of β-carotene in D2 to

its action radical has been demonstrated, indicating that

this β-carotene participates in the cyclic electron flow

with Cyt b-559 in PSII. This cyclic electron transfer

through PSII would suppress the generation of 3P680*

and then 1O2 (Asada, 2006).

Taking into consideration the above-mentioned quan-

tum-physics features of oxygen, its high concentration

around photosystems (21%), physical and chemical fea-

tures of ROS and functional organization of pigments in

light harvesting complexes (LHC) of photosystems, it is

clear that ROS are “naturally born” messenger molecules

in retrograde signaling. Therefore, retrograde signaling

strength and specificity are directly dependent on photo-

synthetically active light intensity and its energy absorbed,

on the spectral quality of light, and on the primary and

secondary quantum reactions (Szechyńska-Hebda et al.,

2010; Karpinski and Szechyńska-Hebda, 2010).

Light-induced redox retrograde intra-cellular signa-

ling

In the classical view, EEE can be highly damaging to

plants due to an imbalanced ROS metabolism (Asada,

1999; Karpinski et al., 1999; Karpinska et al., 2000; Ni-

yogi, 2000; Apel and Hirt, 2004). However, the natural

capacity to absorb light energy in excess evolved in

plants and in the last decade, it was demonstrated that

EEE-induced foliar chlorosis is, in fact, an induced PCD

mechanism regulated by subsequent changes in the cel-

lular ROS/hormonal/calcium cellular homeostasis, and

not in changes in ROS alone (Mateo et al., 2004; Chang
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Fig. 1. Signals originating from chloroplasts that regulate nuclear gene expression. Primary and secondary changes in the quantum-
redox status of the photosynthetic electron transport components lead to the generation of ROS and changes in the redox status
of the plastoquinone, glutathione, ascorbate and NADP pools, which in turn regulate retrograde signaling acclimatory and defense
responses. Retrograde signaling is also regulated by the thioredoxin and glutaredoxin system. Moreover, post-translational modi-
fications and metabolic pathways, e.g. hormone and sugar synthesis, have been reported in the regulation of retrograde signaling.
Abbreviations: ABA – abscisic acid; ASA – ascorbate; CAT – catalase; DHA – dehydroascorbate; EDS1 – enhanced disease
susceptibility; EIN2 – ethylene insensitive 2; ET – ethylene, GRX – glutaredoxin; GSH – reduced glutathione; GSSG – oxidized
glutathione; IAA – indolilo-3acetic acid; LSD1 – lesion simulating disease 1; MPK4 – mitogen-activated protein kinase 4; PQ –
plastoquinone; PAD4 – phytoalexin deficient 4; PCD – programmed cell death; ROS – reactive oxygen species; SA – salicylic acid;

SAA – systemic acquired acclimation; SAR – systemic acquired resistance; SOD – superoxide dismutase; TRX – thioredoxin

et al., 2004; Baier and Dietz, 2005; Mühlenbock et al.,

2007; 2008; Ślesak et al., 2007; Van Breusegem et al.,

2008; Galvez-Valdivieso et al., 2009; Kleine et al., 2009;

Szechyńska-Hebda et al., 2010).

Several types of retrograde intra-cellular signals can

be distinguished (Fig. 1) due to the fact that the signals

originate from primary (from rapidly changing light ab-

sorption and electron quantum numbers) or secondary

quantum events (to the arrays of physiological photo-

electrochemical and redox reactions). Since the reac-

tions occurring upon the absorption of photon energy

(primary quantum events) are several orders of magni-

tude faster than the redox reactions (secondary quantum

events), the speed of the reactions on each subsequent

level of complexity is substantially reduced (Fig. 1).

In type one retrograde signaling, the primary quan-

tum events signals are derived from the excited singlet

stages of photo-activated chlorophyll molecules in PSII

(Fig. 1). The absorption of the photon energy by the va-

lence electron of the Mg atom in the chlorophyll mole-

cule is followed by electron resonance within the LHCII,

with simultaneous energy dependent quenching as a

heat (induction of NPQ, particularly its component qE

which results in the generation of 1O2, and 1Car*) and

fluorescence, and heat of the appropriate photon. Such

primary quantum events are followed by secondary quan-

tum events that cause acidification of the chloroplast

lumen, activation of the xanthophyll-cycle (Krause et al.,

1982; Yamamoto et al., 1999; Baker 2008) and activation

of abscisic acid (ABA) synthesis and ABA/ROS signaling

(Fryer et al., 2003; Apel and Hirt, 2004; Fey, 2004; Laloi

et al., 2007; Galvez-Valdivieso and Mullineaux, 2010;

Szechyńska-Hebda et al., 2010). It was demonstrated in

field experiments that NPQ, (NPQ is a mechanism

dependent upon lumen acidification) is a prerequisite for

proper light acclimatory responses and the regulation of
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APX1  and APX2  gene expression (Kulhaim et al., 2002;

Szechyńska-Hebda et al., 2010). In this work we demon-

strate that in low light conditions (no EEE), APX1 and

APX2 gene expression, robust SAA molecular markers,

are induced in npq4 recessive mutant that has not func-

tional PsbS protein. In addition to the documented regu-

latory role of NPQ, changes in it may potentially cause

fluctuations in the chloroplast volume due to heat dis-

sipation. Cytosolic molecular temperature sensors and

secondary messenger systems connected with them may

activate specific transcription factors and transduce this

type of information to the nucleus. However, according

to our knowledge, no experimental evidence has been

published that would prove the existence of this hypo-

thetical component of retrograde signaling.

Type two signaling is several orders of magnitude

slower (than type one) and is induced by secondary

quantum events (photoelectrochemical and redox reac-

tions) (e.g. Dirac, 1982) (Fig. 1 and Fig. 2). Signaling is

triggered by changes in the physical electron transfer

between the atoms of an electron valence orbital donors

and acceptors and consists of the following: 1) redox

changes in the photosynthetic electron carriers of PSII

and in its proximity, e.g. the redox status of the plasto-

quinone pools (PQ/PQH2), glutathione (GSH/GSSG),

ascorbate (ASA/DHA) (Pfannschmidt et al., 1999; Kar-

pinska et al., 2000; Fey et al., 2005; Foyer and Noctor,

2005; Bräutigam et al., 2009; Pesaresi et al., 2009) and

2) redox signals generated downstream of PSI and lin-

ked: to the cyclic electron flow (Asada, 1999), to the re-

dox status of NADP/NADPH, to the ferredoxin (Frx),

thioredoxin (Trx) and glutaredoxin (Grx) activities (Pfan-

nschmidt et al., 2001; Dietz et al., 2002; Fey, 2004; Ba-

ier et al., 2005; Rouhier et al., 2005; Mittler, 2006;

Bräutigam et al., 2009; Bashandy et al., 2010; Arsova et

al., 2010) (Fig. 1). In this type of retrograde signaling,

the redox active molecules (e.g. glutathione or its pre-

cursor) can be exported from the chloroplast to the cyto-

plasm (Marty et al., 2009), and can regulate appropriate

redox sensors.

Recently, we demonstrated that glutathione and sali-

cylic acid (SA) retrograde signaling are genetically and

physiologically interconnected and dependent on each

other in the regulation of light acclimatory, defense and

growth responses (Fig. 1), (Mateo et al., 2006; Mühlen-

bock et al., 2007, 2008). The molecular regulators of Le-
sion Simulating Disease 1 (LSD1), Enhanced Disease

Susceptibility 1 (EDS1) and Phytoalexin Defficient 4
(PAD4) were studied with regard to the cell death-de-

pendent immune-defense response, root hypoxia and

light acclimatory responses in Arabidopsis. LSD1, a ne-

gative regulator of EDS1 and PAD4, was mainly studied

in the context of ROS- and SA-dependent response to

pathogens (Jabs et al., 1996; Kliebenstein et al., 1999;

Resterucci et al., 2001). Later, we demonstrated that

apart from its role in pathogenesis, LSD1 is required for

an efficient acclimation to growth conditions that pro-

mote EEE. The deprived ability of EEE dissipation, de-

regulated stomatal conductance and photorespiration

underlie the cell death in the lsd1 mutant, which is de-

pendent on EDS1 and PAD4 (Mateo et al., 2004; Mü-

hlenbock et al., 2007, 2008). These and other studies

suggest a general functional linkage between LSD1,

EDS1 and PAD4 genes in the orchestrated regulation of

retrograde signaling in simultaneous responses to biotic

and abiotic stresses. Recently, we identified Trx binding

domains within the LSD1 protein sequence. The trans-

cription of many nuclear genes, including LHC, RbcS,
ELIP, APX1, APX2 and PR1, is directly dependent on

type two retrograde signaling. Therefore, the interaction

between ROS generated by PSII and PSI, ASA and GSH,

SA and NADP is crucial for the total sum of the retro-

grade signal (Mateo et al., 2006; Mühlenbock et al.,

2007, 2008).

Glutathione reacts chemically with a range of ROS,

while enzyme-catalysed reactions link GSH to the detoxi-

fication of H2O2 in the ascorbate-gluthatione cycle (Noc-

tor et al., 2002). Moreover, the water-water cycle effecti-

vely shortens the lifetimes of photoproduced O2
C! and

H2O2, and in consequence they reduce the probability of

generating !COH. These mechanisms, together with

the down-regulation of PSII (by means of NPQ), allow to

suppress ROS interactions with the target molecules in

chloroplasts and safely dissipate EEE and excess of elec-

trons, thus preventing photoinhibition (Asada, 1999).

Plant cells are able to transport chloroplastically-pro-

duced gluthatione and both forms of glutathione (GSH

and GSSG) can be transported, although GSH appears to

be preferred (Foyer and Noctor, 2011). As a result,

together with cytoplasmically-produced glutathione, they

also protect proteins against oxidation and denaturation

in the cytosol. The location of ascorbate peroxidase

(APX) and related ascorbate-glutathione cycle enzymes

indicates that chloroplasts also reduce H2O2 with the in-
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volvement of other antioxidative mechanisms by using

electrons derived from water in PSII. Furthermore, this

type of signaling is also regulated by ethylene (ET), sali-

cylic acid (SA), jasmonic acid (JA) and auxin synthesis

(IAA) (Wildermuth et al., 2001, Mateo et al., 2004, 2006;

Mühlenbock et al., 2007, 2008; Bräutigam et al., 2009)

which, in turn, regulate and are regulated in the forward

signaling loop by the photorespiration process (Kozaki

and Takeba, 1996; Mateo et al., 2004; Mateo et al.,

2006; Mühlenbock et al., 2008) – Fig. 1.

Type one and type two retrograde signaling are

strongly interconnected and influence each other. Many

of these processes and interaction pathways, as well as

their importance, are still the subject of debate among

researchers (Karpinska et al., 2000; Mullineaux et al.,

2000; Ślesak et al., 2003; Mateo et al., 2004; Ball et al.,

2004; Mateo et al., 2006; Geisler et al., 2006; Mühlen-

bock et al., 2007, 2008; Yasuda et al., 2008; Bräutigam

et al., 2009; Arsova et al., 2010; Bashandy et al., 2010;

Szechyńska-Hebda et al., 2010; Foyer and Noctor, 2011;

Foyer and Shigeoka, 2011).

Type three retrograde metabolic signaling includes

end products, such as sugars and their derivatives, toco-

pherol synthesis, and chlorophyll anabolism and cata-

bolism intermediates (Papenbrock et al., 2001; Pruzin-

ska et al., 2003; Strand et al., 2003; Chang et al., 2004;

Mateo et al., 2004; Geisler et al., 2006; Ankele et al.,

2007). Geisler and colleagues (2006) demonstrated that

ROS and sugar signaling are integrated by the presence

of specific ROS/sugar cis-regulatory elements. They

demonstrated that the identical cis-regulatory elements

react upon changes of H2O2 and sugar concentration.

Type four, recently discovered photoelectrochemical

signaling, is triggered by type one and type two retro-

grade signaling (Fig. 2A and, Fig. 2B) (Szechyńska-Heb-

da et al., 2010; Karpinski and Szechyńska-Hebda, 2010)

and corresponds to the intracellular transitions of chloro-

plast-originated signals by the chloroplast stromules.

Plastids are usually regarded as separate individual orga-

nelles within plant cells. However, there is now a body

of evidence, accumulated over a period of one hundred

years or so, which indicates that plastids are intercon-

nected with other plastids, with the nucleus and plasma

membrane by the stromules that form a cellular network

of extended chloroplast envelope membranes (Senn,

1908; Kwok and Hanson, 2003a, 2003b; Hanson and Satta-

rzadeh, 2008). The stromules are enclosed by the inner

and outer plastid envelope membranes and are 0.75 μm

in diameter and up to 6.5 μm in length for Arabidopsis
(Tirlapur et al., 1999). Therefore, stromule production

provides a means for maximizing plastid surface area,

which may be essential for optimizing metabolic, signal

transduction and communication processes that require

the exchange of macromolecules (substrates and pro-

ducts) or signals across the plastid envelope (e.g. the ef-

fective transition of photo-electrochemical and redox po-

tential) – Fig. 2A and Fig. 2B (Köhler et al., 1997). It was

also demonstrated that the stromule helps with

the chloroplast movements. Interconnected chloroplasts

are brought up along the cytoskeletal strands at speeds

of about 1.5 μm/s (Menzel, 2001), and effectively deliver

the signaling molecules to the target place in the cell.

Generally, the four listed types of retrograde signa-

ling are interdependent, overlapping and interfering, si-

multaneously regulating light, temperature and humidity

dependent developmental, acclimatory and defense res-

ponses in plants. These types of signaling are processed

by the redox regulatory hubs, e.g. LSD1, EDS1 and

PAD4, located in the cytosol and, when activated, act as

trans-elements that are moved to the nucleus (Fig. 1),

and conditionally regulate the expression of many genes.

LSD1 is necessary for acclimation to conditions that pro-

mote EEE stress. LSD1 positively regulates, either di-

rectly or indirectly, e.g. superoxide dismutase (SOD) and

catalase (CAT) gene expression and activities, and thus

controls cellular ROS production (Jabs et al., 1996; Klie-

benstein et al., 1999; Mateo et al., 2004). These regula-

tory traits depend on the LSD1 suppressive mode of

the EDS1 and PAD4 function. LSD1/EDS1/PAD4 were

shown to regulate optimal nuclear responses to inducing

programmed cell death, light acclimation and defense

responses (Mateo et al., 2004; Mühlenbock et al., 2007,

2008), and moreover, to influence the growth and heal-

thy seed yield – major factors determining a plant’s Dar-

winian fitness under natural conditions. It is also known

that mitogen-activated protein kinases cascades are in-

volved in SA signaling (Li et al., 2006). Total transcript

profiling of a recessive mpk4  mutant identified that

many nuclear-encoded chloroplast proteins, including

PsbS, were deregulated in this mutant (Petersen et al.,

2000).

We conclude that due to the complexity of the signa-

ling pathways, experiments that argue for specific signa

ling are partial and may be seriously misleading for
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A

B

Fig. 2. Systemic acquired acclimation is induced by wave-
length-specific photo-electrochemical signaling. (A) Arabido-
psis Col-0 rosettes grown under low-light (LL; 100 μmol pho-
tons m!2s!1) conditions were partially exposed to excess light
(1500 μmol photons m!2s!1). The light was directed onto
a single leaf by an optical fiber and selective filters of 650-
(red) and 450- (blue) nm wavelength were used when required
(Szechyńska-Hebda et al., 2010; Karpiński and Szechyńska-
Hebda, 2010). Changes in the plasma membrane electrical
potential of the bundle sheath cells were measured by impa-
ling a cell with a microelectrode. The tip of one microelectro-
de was inserted into the bundle sheath cell of the locally tre-
ated leaves, and the tip of a second electrode was placed in
the bundle sheath cell of the systemic leaves. The systemic
leaf of a partially exposed Arabidopsis rosette was in the twi-
light zone. The light was turned on and off during the experi-
ment at 20 min intervals, and the action potential was mea-
sured simultaneously for a period of 40 min in two separated
single bundle sheath cells (in local and systemic leaves) by
a coupled system of Axoclamp-2B (Axon Instruments, CA,
USA) as described in Szechyńska-Hebda et al., 2010. (B) A spe-
cific photo-electrochemical signal (blue lightning and arrows
symbol), induced by light (yellow lightning symbol) is trans-
duced, at least in part, by the bundle sheath cell layer to
systemic leaves (non-treated with excess light). For the pur-
pose of the photo-electrochemical signal transduction, plants
can use chloroplast stromules and plasmodesmata that form

a global network of chloroplasts

the correct understanding and proper description of

the specific role of a given gene or signaling molecule.

Such a partial description could be observed in defining

the role of, for example, SA in exclusive regulation of

biotic responses or in specific signaling is induced by
1O2. It has been demonstrated that role of SA in biotic

stress responses is only ancillary, and it mainly regulates

growth, photosynthesis and development under variable

abiotic stress conditions (Mateo et al., 2004, 2006;

Mühlenbock et al., 2008) (Figs. 1 and 3).

Light-induced redox retrograde extra-cellular signa-

ling

Recent results and those published earlier indicate

that communication between the chloroplasts of distant

cells in different organs is possible at the whole-plant

level (Karpinski et al., 1999; Fryer et al., 2003; Szechyń-

ska-Hebda et al., 2010; Karpiński and Szechyńska-Hebda,

2010). Higher levels of 1O2 and 1Chl* (the last one was

detected by changes in NPQ) were generated in the Ara-
bidopsis rosette partly exposed to excess light. NPQ

changes occurred in both parts of the rosette, i.e. in

leaves that were directly illuminated with excess light

and in leaves of the rosette that were kept in the low

light zone (shadow), in comparison to a low light grown

rosette (Fig. 4). This indicates that systemic changes of

NPQ are part of the extra-cellular retrograde signaling,

which can induce SAA (Karpinski et al., 1999; Fryer et

al., 2003; Szechyńska-Hebda et al., 2010; Karpiński and

Szechyńska-Hebda, 2010). 1O2 can diffuse at a short dis-

tance from its generation place; therefore, it is clear that

singlet molecules cannot be considered as long-distance

extra-cellular retrograde signaling messengers. There-

fore, 1O2 and 1Chl* and systemic changes in NPQ are ge-

nerated systemically by another type of long-distance

retrograde signaling distinguished between the chloro-

plasts of directly stressed cells and the chloroplasts of

the remote cells. An appropriate candidate that is able to

regulate systemic quantum-redox changes (NPQ and

generation of 1O2) in naive chloroplasts and PSII seems

to be the recently discovered photo-electrochemical re-

trograde signaling mechanism (Szechyńska-Hebda et al.,

2010; Karpiński and Szechyńska-Hebda, 2010) – Fig. 2

and Fig. 4. Such a mechanism comprises the extra-cellular

transduction of signals that are transduced by the phloem

and bundle sheath cell layer connecting different leaf parts
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Fig. 3. Different light incidents differentially regulate foliar sali-
cylic acid (SA) content. Arabidopsis leaves were exposed to
excess light (EL, 1500 :mol photons m!2s!1; 60 min), blue (BL;
80 μmol photons m!2s!1; 4h) and red light (RL; 120 μmol pho-
tons m!2s!1; 4h). Free and bound foliar SA content was deter-
mined immediately after light treatment as described in Mü-
hlenbock and coworkers (2008). The results represent the ave-
rage of n = 5 replicates from one experiment. Data were tested
for significance by t -test. The asterisk (P # 0.05*) indicated
significant differences in comparison to the low light control

and different organs, e.g. excess light-treated leaf with

leaves kept in the shadow (Fig. 2B and Fig. 4), (Szechyń-

ska-Hebda et al., 2010). Changes in the electrochemical

potential of the cellular plasma membrane are the most

rapid physiological reactions known in plants (in the or-

der of μs to ms) (Wheeler and Brownlee, 2008). They

are also well-documented regulators of different signa-

ling cascades in animals and plants (Burdon-Sanderson,

1873; Darwin, 1875; Bose, 1926; Pickard, 1973; Wildon

et al., 1992; Trewavas, 2003; Lautner et al., 2005). Self-

propagating changes in the plasma membrane electro-

chemical potential were described to be a systemic sig-

naling component of the mechanism regulating SAA and

SAR (Szechyńska-Hebda et al., 2010). Systemic changes

in the electrochemical potential propagated via the bun-

dle sheath cells is successful only in the case of intra-

and extra-cellular membrane integrity (stromule, plas-

mamembrane and their extension – plasmodesmata) and

functional ion channels. If LaCl3 or DCMU (3-(3, 4-di-

chlorophenyl)-1,1-dimethylurea) treatment or mechanical

damage was made to the petiole of a leaf directly exposed

to excess light, then such a leaf was unable to communi-

cate electrochemical signaling changes to the systemic

leaves and to induce SAA and SAR (Mühlenbock et al.,

2008; Szechynska-Hebda et al., 2010). We conclud that

this extra-cellular retrograde signaling is governed by

extra-cellular homeostasis of different hormones and ROS,

and light specific changes in PSII quantum-redox proper-

ties of PSIIs experiencing EEE and concomitant changes

in naive PSIIs that never experienced EEE. This hypo-

thesis is strengthened by observations of the systemic

wavy-like discrete in time and space changes of NPQ that

correlates with antagonistic wavy-like discrete in time

and space changes in H2O2, induction of APX1 and APX2
and stomatal conductance (Peak et al., 2004; Mühlen-

bock et al., 2007, 2008; Szechynska-Hebda et al., 2010).

The systemic discrete in time and space wavy pat-

tern of changes in NPQ (Fig. 4) actually resulted from

the appropriate pattern of prior changes in ΔpH across

the thylakoid membrane in remote cells and chloro-

plasts. This was demonstrated indirectly in our earlier

experiments in which we proved that the PsbS depen-

dent NPQ mechanism is a prerequisite for the regulation

of SAA molecular markers (Szechynska-Hebda et al.,

2010). This requires a very precise signaling mechanism

that will regulate and coordinate which chloroplasts in

which leaf sector should have a lower or higher pH value

in the chloroplast lumen. It is also known that different

pH values in the chloroplast lumen will differently chan-

ge the redox status of the photosynthetic electron car-

riers, and therefore, they will differently regulate/de-

regulate retrograde signaling. To rephrase this informa-

tion, we can say that different groups of chloroplasts and

cells in the same leaf under identical stable light, tem-

perature and relative humidity conditions have different

“opinions as to what to do” (Fig. 4) and test different

scenarios of possible future development (similar to dif-

ferent military operations during peacetime). However,

the cells and leaves exposed to excess light represent

one clear opinion: to use NPQ as efficiently as possible

(Fig. 4) (like in a real war zone). Moreover, leaves that

are still in the shadow also change NPQ in comparison

to that before light treatment (just like mobilisation for

war). Is this a sort of physiological exercise of naive

(untreated) leaves?

Cellular light memory, acclimation and plant “intel-

ligence”

It is always argued that although plants are capable

of adaptation, this ability should not be called intelli

gence. However, plant intelligence fits in with the defini-

tion of intelligence proposed by Stenhouse (1974) as

“adaptively variable behavior during the lifetime of
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Fig. 4. Partial exposure to excess light and induction of SAAR
is associated with systemic gradient-like changes of foliar NPQ
and changes in PEPS. Arabidopsis thaliana Col-0 rosettes were
grown at low-light conditions (LL, 100 μmol photons m!2s!1) and
were partially exposed to excess light (EL, 2,000 μmol pho-
tons m!2s!1). (A) Left, controls that were LL grown with no ex-
cess light exposure. (B) Right, the same rosette partially expo-
sed to EL for 60 min (three bottom leaves with the lowest NPQ
value). NPQ estimated the nonphotochemical quenching from
F m to FNm is monitoring the apparent heat losses from PSII and
is calculated from (Fm/FNm) - 1, where Fm is maximal chlorophyll
fluorescence of dark-adapted PSII (all QA molecules are redu-
ced), FNm = is maximal chlorophyll fluorescence of light-adapted
PSII (all QA molecules involved in photosynthetic electron trans-
port from water in the provided light conditions are reduced)

 the individual”, and evaluated by Trewavas (2003, 2005)

as “the ability of plants to sense the environment and

adjust their morphology, physiology and phenotype

accordingly”. Studies indicate that plants are capable of

problem-solving and communication, and can adapt their

behavior (Farmer and Ryan, 2001). In plants, the mecha-

nism responsible for adaptation is signal transduction,

and reactions within the signaling pathways may provide

a biochemical basis for learning and memory (an intel-

ligent network like in Stanislaw Lem’s “Solaris”) (Bhalla

and Iyengar, 1999). Moreover, it is known that plant lea-

ves solve their problems of optimal gas exchange, trans-

piration and photosynthesis in a way that is similar to

that defined by the algorithm of cellular automation

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

mation, as proposed by John von Neumann and Oskar

Morgenstern (1944), is a mathematical model of a dyna-

mic system, which is discrete in time and space. It de-

pends on local interactions, but global phenomena

emerge due to predefined local interactions. Basic ele-

ments of the cellular automata are a regular lattice of

cells (e.g. in a leaf) in which at each time step each cell

is in one defined “s” state. The cellular automata have

a defined neighborhood behaving of cells in such a way

that the state of each cell at time step “t+1” is a function

of some of its surrounding cells at time step “t”. Peak

and colleagues (2004) also demonstrated that dynamic

and emergent changes in chlorophyll fluorescence are

regulated by the cellular automation algorithm propaga-

ting across the leaf with the speed of circa 0.6 cm per

second. The authors demonstrated that if a sinus func-

tion governs foliar fluorescence changes, then stomatal

conductance is governed by 1-sinus. However, they did

not identify the hardware that determines such a pattern

of changes. Our resent results described some parts of

this hardware, which includes light-(quantum)-redox

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

dox status of the glutathione and PQ pools), photo-

electrochemical signaling, ROS/hormonal circuits, and

finally cellular light memory, which determine the light

acclimation and Darwinian fitness of a plant. Our results

indicate that if a sinus function governs foliar NPQ chan-

ges, then ROS, ethylene and stomatal conductance chan-

ges are governed by 1-sinus (Mühlenbock et al., 2007,

2008; Szechynska-Hebda et al., 2010). We suggested that

these antagonistic, emergent and discrete in time sy-

stemic foliar quantum-redox changes of NPQ, ROS,

ethylene and stomatal conductance that are discrete in

time and space are specifically regulated by the means

of systemic photo-electrochemical retrograde signaling,

induced by type one and type two intra-cellular retro-

grade signals. This photo-electrochemical retrograde

signaling is propagated systemically with similar speed

as the changes described by Peak and colleagues (2004)

(Szechyńska-Hebda et al., 2010) (Fig. 4).

According to our knowledge, the mechanisms of trai-

ning and memorizing in plants (acclamatory mecha-

nisms) are not well known, and it is widely accepted that

plants do not have such capacities (Trewavas, 2003).

However, SAA is a training process of naive cells, chloro-

plasts and PSII (that have never experienced conditions

that promote EEE), performed by cells, chloroplasts and

PSII that are actually experiencing such conditions. As

leaves are able to perform emergent, complex and dis-

tributed computation, as suggested previously (Peak et

al., 2004), with the help of light-(quantum) memory and

redox retrograde signaling, then plant cells are able to

differentially memorize excess light incidents. Leaves in

the dark are able to “see” the light (Karpinski et al.,

1999; Foyer and Noctor, 1999), distinguish the spectral

composition of light and differentially memorize episo-
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des of exposure to different absorbed photons energy

(Szechyńska-Hebda et al., 2010). The cellular light me-

mory of the excess light episode is maintained for at

least several days. The plant cell is able to effectively use

this memorized information just as the signaling path-

ways utilize a complex network of interactions to orche-

strate biochemical and physiological responses to im-

prove their light acclimation and chances of survival un-

der prolonged periods of low light. This is probably the

most elegant system that has evolved in complex photo-

synthetic organisms since it uses absorbed excess pho-

ton energy by some leaves to improve the survival chan-

ces of the whole plant. Animals have their network of

neuron synapses, electrophysiological circuits and me-

mory. Plants, however, have a chloroplast global network

connected by stromules within mesophyll and bundle

sheath cells, light-(quantum)-redox and electrochemical

retrograde circuits and cellular light memory.
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