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Abstract Plants have evolved a multitude of mechanisms that adjust photosyn-
thetic functions in the constantly fluctuating light environment. Perception of light
stress in chloroplasts initiates local and systemic acclimation processes that involve
complex interactions among apoplastic, chloroplastic, and mitochondrial pathways
of cellular signaling. Moreover, distinct cell types seem to comprise cell-specific
metabolic programs and signaling components, which elicit strictly coordinated
changes in gene expression, optimization of photosynthetic machineries, and
reprogramming of metabolic pathways and developmental cascades. In this chap-
ter, we discuss the current understanding of systemic signaling in light acclimation
in plants.
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1 Introduction

Light is an important environmental factor that provides an energy source for
photosynthesis, guides the activity of various metabolic programs, and modulates
the growth and development during the entire life cycle of plants. On the other
hand, like all living organisms, plants may also suffer detrimental effects if the
incoming light energy is not handled with care. In the nature, light conditions
undergo constant fluctuations due to climatic variations and seasonal alterations.
Changes in cloudiness, wind, or the position of the sun may thus expose plants to
light energy in amounts that exceed the need to fuel the ongoing metabolic reactions
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in chloroplasts. Under such conditions, the prevalence of excess light energy may
imbalance the function of the photosynthetic machinery, resulting in decreased
photosynthetic activity or even oxidative damage in plant cells. On the other hand,
as this chapter emphasizes, perturbations in cellular metabolism elicit signals that
activate various acclimation strategies in plant cells. The extent to which a plant is
vulnerable to light-induced stress can vary considerably depending on the life
history and pre-acclimation status of the plant. Thus, to warn shaded leaf tissues
about the possibility of forthcoming scorching by sunshine, light-exposed parts of
the plant elicit signals that allow shaded leaves to prepare themselves for potentially
deleterious exposure to sunlight. As a whole, light acclimation is an outcome of
complex interactions among developmental, environmental, and metabolic signals,
which originate from different cellular compartments and converge to ensure
growth and survival in changing environmental cues.

2 Local and Systemic Responses in Light Acclimation

2.1 The Concept of Light Stress

Growth and well-being of plants necessitate highly balanced light-harvesting
systems that shuttle light energy for a range of light-driven redox reactions,
which are tightly coupled with a multitude of pathways inside and outside the
chloroplasts. Besides fueling the photo-assimilation of carbohydrates, photosyn-
thetic redox chemistry provides NADPH and ATP for energy-demanding steps in
the biosynthesis of amino acids, lipids, hormones, vitamins, and secondary
metabolites, which are not only vital for basic metabolism but also have a great
impact on the acclimation status of plant cells (Kirk and Leech 1972).

In linear photosynthetic electron flow, electrons are extracted from water
at photosystem II (PSII) and shuttled through plastoquinone (PQ), cytochrome
bef complex (Cytbgf), plastocyanin (PC), and photosystem I (PSI) to
ferredoxin-NADPH oxidoreductase (FNR) to generate NADPH. Electron transfer
through Cytbgf is coupled with proton pumping to thylakoid lumen, generating a
trans-thylakoid proton motive force that drives the ATP synthase. The formation of
the proton gradient and the production of ATP may become enhanced through
cyclic electron transfer reactions, whereby electrons become redirected from PSI to
Cytbgf (Arnon 1959; Johnson 2011; Shikanai 2007). A fraction of reductive power
is also targeted via PSI and the ferredoxin-thioredoxin reductase (FTR) to
thioredoxins, which are small redox-active proteins that modulate the activation
state of various target proteins through dithiol/disulfide exchange reactions (Keryer
et al. 2004).

Absorption of excess excitation energy may cause over-reduction of the photo-
synthetic electron transfer chain, thus promoting light stress, which, depending on
the severity of stress, may manifest itself as photoinhibition of PSII (Aro et al. 1993;
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Kok 1956) or enhanced accumulation of reactive oxygen species (ROS). Upon
saturation of photosynthetic carbon metabolism and a consequent limitation in the
availability of PSI electron acceptors, electron transfer to molecular oxygen (O,)
leads to the formation of superoxide (O, ) and hydrogen peroxide (H,O,) in
chloroplast stroma (Liu et al. 2001, 2004). In PSII, imbalanced electron transfer
reactions may additionally lead to the formation of singlet oxygen ('O,) (Hideg
et al. 1998; Macpherson et al. 1993). Accumulation of various types of ROS is an
intrinsic property of the photosynthetic electron transfer chain, and is increasingly
recognized among the key mechanisms that relay stress signals in photosynthetic
tissues (Foyer and Noctor 2009; Neill et al. 2002).

Different biotic and abiotic stress conditions, which slow down photosynthesis
and other enzymatic activities in chloroplasts, may also promote conditions where
excitation energy is in excess. Changes in redox signaling pathways and ROS
metabolism represent common nominators for different stress responses, and the
mechanisms of signaling and resistance against stresses induced by light, salinity,
drought, cold, osmotic stress, or plant pathogens are partially overlapping (Li et al.
2009; Navrot et al. 2007). It is therefore not surprising that light acclimation and
plant immunity share a level of commonalities in plants (Kangasjérvi et al. 2012;
Miihlenbock et al. 2008; Trotta et al. 2011).

2.2 Biochemical and Physiological Adjustments in Local
and Systemic Tissues

Plants have evolved a multitude of strategies to cope with short-term and long-term
variations in light intensity. Physiological and cellular responses include leaf
bending and light-induced chloroplast movements, both of which attempt to
decrease the input of excess excitation energy by the photosynthetic
pigment—protein complexes. In addition, light acclimation promotes distinct mor-
phological adjustments, including more compact rosettes, thickening of the leaves,
and a smaller overall leaf area than the leaves of low-light-grown plants (Kagawa
etal. 2001; Park et al. 1996; Walters 2005). On biochemical level, plant acclimation
to high light commonly involves enhancement of photosynthetic capacity and
upregulation of antioxidant enzymes (Karpinski et al. 1999). In short term, excess
excitation energy may become dissipated through the PSII subunit S (PsbS) and
xanthophyll-dependent non-photochemical quenching of excitation energy (NPQ)
in PSII, redox shuttling to mitochondria and photorespiration (Nunes-Nesi et al.
2011; Peterson and Havir 2001). In addition, plants have evolved tightly redox-
controlled mechanisms to regulate the efficiency of the light-harvesting antenna
systems to maintain redox balance in chloroplasts. A major contributor in this
system is a strictly redox-regulated phosphorylation of light-harvesting (LHCII)
antenna proteins by the STN7 kinase, which becomes activated upon reduction of
the plastoquinone pool, and inhibited via thioredoxin activity upon reduction of
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chloroplast stroma (Bellafiore et al. 2005; Rintamaiki et al. 2000). By these means,
STN7 regulates the association of the mobile LHCII antenna complexes between
PSII and PSI, a phenomenon that is a major determinant of the redox status of the
thylakoid electron transfer chain (Tikkanen et al. 2006). Currently, these short-term
mechanisms are understood as balancing agents that prevent the formation of
unnecessary acclimation signals from chloroplasts (Tikkanen et al. 2010).

Extended periods of high light will ultimately lead to a condition where the
capacity of the above-mentioned short-term regulation mechanisms become
exceeded, resulting in the onset of chloroplast signals that mediate local and
systemic acclimation processes in leaves (Karpinski et al. 1999). These responses
involve coordinated changes in the expression of chloroplast and nuclear encoded
genes, which direct optimization of photosynthetic membrane protein complexes,
metabolic pathways, and reprogramming of developmental cascades to best meet
the needs of the prevailing environmental cues. Thus, long-term growth under high
light intensities results in optimization of photosynthetic reactions through struc-
tural modulations in the composition of the photosynthetic protein complexes and
their light-harvesting antennae (Anderson et al. 1995; Walters 2005). Such
adjustments necessitate tight regulation of genes related to photosynthesis and
other metabolic and regulatory pathways (Sheen 1990).

During the recent years, it has become clear that perception of light stress in
chloroplasts initiates acclimation signals, which are not only sensed locally in the
adjacent leaf cells but also in distal tissues to initiate a systemic acquired acclima-
tion (SAA) in nonexposed parts of the plant (Miihlenbock et al. 2008; Pogson et al.
2008; Rossel et al. 2007). Such signaling mechanisms may be highly relevant in
dense populations and canopies, where sun flecks appear during the day when the
position of the sun is changing. Whereas the mechanisms of SAA are starting to
emerge, reciprocal signaling from shaded leaves to sun-exposed parts has not yet
been recognized. Here, we discuss the current understanding of systemic signaling
in light acclimation in plants.

3 Protein Components and Metabolic Interactions
in Chloroplast Retrograde Signaling

During evolution, a significant proportion of genes encoding the structural and
regulatory components of the photosynthetic machinery have been transferred from
the chloroplast genome to the nucleus through a process denoted as horizontal gene
transfer (Martin et al. 1998). Consequently, photosynthetic pigment—protein
complexes are formed by chloroplast and nuclear encoded subunits, and their
expression must be tightly coordinated to ensure that the photosynthetic complexes
are developed and adjusted in a stoichiometric fashion under constantly changing
environmental cues. Although it is clear that the chloroplast and nuclear genomes
must be coordinated, the mechanisms of signaling have only started to emerge
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(Leister 2012). By now, a number of initiating sources for chloroplast signals as
well as their consequences on the highly dynamic regulation of nuclear gene
expression level have become well established, whereas the mechanisms of signal
transduction are not so well understood.

Light receptors, including phytochromes and the blue light receptors
CRYPTOCHROME (CRY) 1 and 2, have crucial signaling functions during the
greening process, albeit CRY1 is known to mediate chloroplast signals in mature
leaves as well (Kleine et al. 2007). In green leaves with fully developed chloroplasts,
light-induced acclimation processes essentially involve self-regulatory feedback
loops from photosynthetic components (Anderson et al. 1995; Huner et al. 1998;
Walters and Horton 1995). Such self-regulation involves chloroplast retrograde
signaling whereby organellar signals adjust nuclear gene expression to allow accli-
mation in changing environmental cues. According to Pogson et al. (2008), these
signals can be divided into two classes (1) biogenic control, which ensures stoichio-
metric synthesis and assembly of the photosynthetic machinery, and (2) operational
control, which aims at adjusting and optimizing the function of preexisting photo-
synthetic complexes under environmental challenges, such as light stress.

Natural environments are characterized by constant changes in temperature,
water availability, and light conditions, and living organisms have to cope with
these fluctuations by adjusting their metabolism accordingly. Photosynthetic
organisms have evolved versatile and partially overlapping systems for sensing,
signaling, and responding to a wide range of imbalances in chloroplasts. Plants
monitor changes in light conditions by sensing modulations in the redox state of
chloroplastic redox components, the PQ-pool PSI electron acceptors, and thiol
redox components as well as formation of ROS. Depending on the eliciting
signal/environmental condition, these redox components or their combinations
mediate key early signaling functions to allow specific adjustment in cell functions
(Tikkanen et al. 2010).

Signaling components that participate in the relay of information from
chloroplasts to the nucleus have mainly been identified through genetic approaches
and include the FLUORESCENT (FLU) protein, which controls the accumulation
of 'O, in chloroplasts (Baruah et al. 2009). The signaling cascade triggered by 'O,
in turn includes the chloroplastic EXECUTER (EX) proteins 1 and 2 as well as the
blue light receptor CRYPTOCHROMEI!1 (CRY1), which has also been shown to
modulate the high light response in Arabidopsis (Kleine et al. 2007; Lee et al.
2007). The series of genomes uncoupled (gun) mutants revealed a set of chlorophyll
biosynthesis enzymes, designated GUN2-5, which contribute to chloroplast signal-
ing cascades through yet undefined mechanisms, albeit the role of ROS or redox-
dependent signaling cascades has been implicated (Mochizuki et al. 2008; Moulin
et al. 2008). GUNI has a different function and signals through a chloroplast-
localized transcription factor and connects the status of chloroplast gene expression
with the regulation of photosynthesis-associated nuclear genes (Kindgren et al.
2012; Koussevitzky et al. 2007). The GUNI pathway likely operates through the
abscisic acid (ABA)-responsive transcription factor ABI4 (ABSCISIC ACID-
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INSENSITIVE 4), which mediates the repression of nuclear photosynthesis-
associated genes, and provides a point of cross-talk with light, ABA, and sugar
signaling. In fact, organellar redox signals from both chloroplasts and mitochondria
are known to converge at ABI4 in the nucleus (Giraud et al. 2009; Kerchev et al.
2011).

Besides redox-based chloroplast retrograde signals, key roles for chloroplast-
derived metabolites in cellular communication systems have also become evident.
These include 3’-phosphoadenosine 5'-phosphate (PAP), which translocates from
chloroplasts to the nucleus and modulates the expression of specific genes through
inhibition of exonuclease activity (Estavillo et al. 2011). Another example of a
chloroplast-derived metabolite with a role in retrograde signaling is methyler-
ythritol cyclodiphosphate (MEcPP), an intermediate in the chloroplastic isoprenoid
biosynthesis pathway (Xiao et al. 2012). Upon exposure to abiotic stresses (i.e.,
wounding or high light), MEcPP is accumulated and moves to the nucleus where it
induces the expression of the stress marker gene HPL (Hydroperoxide lyase),
whereas the expression of photosynthesis-related genes is not changed. This obser-
vation suggests that MEcPP operates on a signaling pathway that is distinct from
the one elicited in the gun mutants. Altogether, these findings highlight the com-
plexity of mechanisms that allow chloroplasts to respond to an environmental
change in a highly specific manner.

4 The Role of Mitochondrial Pathways in Light Acclimation

Metabolic intermediates and reducing equivalents undergo extensive exchange
between chloroplasts, cytoplasm, mitochondria, and peroxisomes (Padmasree
et al. 2002). These mechanisms are particularly important under excess light,
when over-reduction of electron transfer components starts to limit photosynthetic
reactions and may lead to photodamage of core enzymes. Plants have evolved
processes in which mitochondrial pathways have a particularly important role in the
alleviation of cellular stress. In chloroplasts, the level of NADPH can be controlled
through oxidation of NADPH to NADP" by NADP-dependent malate dehydroge-
nase (NADP-MDH) with simultaneous reduction of oxaloacetate (OAA) to malate
(Nunes-Nesi et al. 2011; Taniguchi et al. 2002). NADP-MDH in turn becomes
activated upon reduction of the chloroplast Fd-thioredoxin system, and is therefore
strictly regulated by light (Schepens et al. 2000). Malate is exported from
chloroplasts by a process known as the malate—-OAA shuttle, the translocation
occurring in exchange for OAA into chloroplast stroma. Malate can be directed
into the mitochondrial tricarboxylic acid cycle (TCA) (Yoshida et al. 2007).
Alternatively, malate can be oxidized to OAA in the cytoplasm by a simultaneous
reduction of NAD* to NADH, and the resulting OAA and NADH can be consumed
in TCA and the mitochondrial electron transport chain (mitETC), respectively.
Mitochondrial pathways also participate in quenching of excess reductants through
photorespiration, which involves oxidation of glycine by mitochondrial enzymes
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(Berry et al. 1978). This step results in the formation of NADH, which is used to
reduce OAA to malate or directly incorporated into mitETC.

MitETC resides in the inner mitochondrial membrane and involves transport of
electrons from NAD(P)H through NADH dehydrogenase (complex I), succinate
dehydrogenase (complex II), and to ubiqginone, localized in innermembrane space,
from which it is transported to cytochrome bcl (complex III). Cytochrome c as a
free protein transports electrons from complex III to cytochrome c oxidase (com-
plex IV), and finally to oxygen with the formation of water. During these processes,
complexes I, III, and IV pump H* from the mitochondrial matrix to the intermem-
brane space, creating a proton gradient that drives the ATP synthase (complex V,
ATPase).

Plant mitochondria also possess an alternative pathway of mitETC through the
alternative oxidase (AOX), which is not present in animal cells. AOX accepts
electrons directly from ubiquinone pool, thus limiting electron flow to cytochrome
c oxidase pathway. The AOX-dependent pathway does not generate proton gradient
and thus does not participate in ATP synthesis through mitochondrial ATPase
(Wilson 1980). In addition, plant mitochondria contain non-proton-pumping
NAD(P)H dehydrogenases, which allow bypass of complex I as well (Rasmusson
et al. 1998). All mitochondria possess also the uncoupling protein (UCP) which
serves as yet another non-phosphorylating bypass of mitochondrial electron transfer
chain by allowing relaxation of proton gradient between mitochondrial intermem-
brane space and matrix (Sweetlove et al. 2006).

Under long-term high light conditions, plants upregulate the level of cytochrome
¢ oxidase rather than AOX (Yoshida et al. 2007), presumably to enhance the
generation of ATP. The opposite is observed when plants are exposed to a short
high light treatment when respiratory chain becomes over-reduced in part due to
the high flow of reductants from chloroplasts to mitochondria and AOX becomes
highly upregulated. Indeed AOX activity is critical for the maintenance of redox
balance in mitochondria, and can be considered as an emergency mechanism
activated upon abrupt exposure to stressful light conditions (Yoshida et al. 2011).
Tight regulation of redox shuttles lowers the risk for generation of ROS (Dutilleul
et al. 2003; Yoshida et al. 2007). AOX1a was found to be induced within 10—60 min
after the onset of high light stress. AOXla promoter activity and transcription
abundance were shown to increase in response to treatment with ABA (Giraud
et al. 2009). This regulation is likely to be mediated by the transcription factor
ABI4, which was shown to interact with a promoter element of AOX/a in biochem-
ical binding assays; moreover, aox/a promoter activity was found to be fully
derepressed in abi4 mutant leaves (Giraud et al. 2009). Regulation of the expression
of AOXIa via ABI4 therefore provides a direct link between chloroplastic and
mitochondrial retrograde signaling (Kerchev et al. 2011; Koussevitzky et al. 2007;
Pesaresi et al. 2007). Altogether, leaf mitochondria play a crucial role in light
acclimation. The capacity to dissipate excess reductants through photorespiration
and the malate—~OAA shuttle and consequent alleviation of light stress represent a
major subject in the future investigation of the topic of light tolerance in plants.
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5 The Role of Bundle Sheath Cells in Systemic Signaling

The process of systemic light acclimation involves a complicated network of
signals that spread through the vasculature and induce changes in gene expression
and establishment of stress tolerance in the entire plant. Considering the different
physiological roles of distinct leaf cell types, it is conceivable that mesophyll cells,
vascular tissues, and stomatal guard cells carry out specialized roles in light
acclimation. Leaf veins transport water, micronutrients, and metabolic end products
between different plant organs, and have also been demonstrated to carry signaling
molecules from one part to another (Robert and Friml 2009). In C3 plants, leaf veins
are flanked by a layer of elongated chloroplast-containing bundle sheath cells,
which due to their central position between the vein and the surrounding mesophyll
tissue carry out a specific role in the relay of light-dependent acclimation signals
(Leegood 2008). Vascular bundle sheath cells therefore possess far-reaching and
thus far largely unidentified regulatory roles in light acclimation.

Arabidopsis mutants with reticulated leaf phenotypes have provided evidence
suggesting that bundle sheath-specific metabolic processes specifically modulate
leaf development and acclimation in a light-dependent manner (Barth and Conklin
2003; Kinsman and Pyke 1998; Knappe et al. 2003; Lepisto et al. 2009; Overmyer
et al. 2008). These mutants typically exhibit a conditional phenotype with dark
green paraveinal and light green interveinal regions caused by metabolic
perturbations in at least some experimental conditions or during a specific develop-
mental stage. Classical examples include cuel (chlorophyll a/b binding protein
underexpressed 1; Li et al. 1995), reticulata (re; Gonzalez-Bayon et al. 2006), and
the more recently identified ntrc deficient in a chloroplastic NADPH-dependent
thioredoxin reductase (NTRC; Lepistd et al. 2009).

CUEI encodes the phosphoenolpyruvate/phosphate translocator of the chloro-
plast envelope inner membrane (Knappe et al. 2003; Streatfield et al. 1999).
Deficiencies in the function of CUEL therefore deteriorate several chloroplastic
metabolic routes and drastically affect the biosynthesis of aromatic amino acids
(Knappe et al. 2003; Voll et al. 2003). The reticulata (re) mutant visually resembles
cuel but exhibits the reticulate phenotype conditionally when grown under long
day conditions (Gonzalez-Bayodn et al. 2006). RE encodes a putative transmem-
brane protein likely to be localized in the chloroplast envelope (Zybailov et al.
2008). The same mutant was also identified as lower cell densityl/radical-induced
cell death2 (Icdl/rcd2) in two separate screens for ozone sensitivity (Barth and
Conklin 2003; Overmyer et al. 2008). It is notable that re plants were also found to
be sensitive to infection by the bacterial plant pathogen Pseudomonas syringae,
suggesting that RE forms a component common for light acclimation and immunity
in plants (Barth and Conklin 2003; Overmyer et al. 2008). Indeed, re plants
accumulate H,O, in the vascular leaf tissues, a phenomenon commonly observed
when leaves are exposed to light stress (Karpinski et al. 1999; Overmyer et al.
2008). These findings on cue and re highlight the importance of transporters and
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signaling components of the chloroplast envelope membrane in plant development
and acclimation.

Apart from cuel and re, young ntrc leaves exhibit a uniform pale green pheno-
type, but undergo a transient phase of reticulation during greening that occurs in
aging ntrc leaves (Lepistd et al. 2009). Upon aging, the veins of ntrc plants turn
green, and gradually the entire leaf acquires wild-type levels of chlorophyll
(Lepisto et al. 2009). NTRC is likely to regulate a multitude of thiol-redox regulated
processes in chloroplasts, such as starch metabolism (Michalska et al. 2009),
chlorophyll biosynthesis, amino acid metabolism, and the biosynthesis of auxin
(Lepisto et al. 2009). Moreover, NTRC has been shown to act as a reducing agent
for 2-cysteine peroxiredoxin, and may thus be crucial for ROS-based signaling in
chloroplasts (Pérez-Ruiz et al. 2006).

Altogether, although the molecular mechanisms underlying the reticulated pig-
mentation in cuel, re, and ntrc remain unresolved, these mutant characteristics
have unequivocally demonstrated the existence of specified metabolic properties
and unique characteristics of ROS tolerance in bundle sheath cells. Because of
different physiological properties of bundle sheath cells, it can be assumed that the
signaling and gene expression regulated by these signals vary as well (Fryer et al.
2003; Kangasjirvi et al. 2008, 2009).

6 Interplay Among Chloroplastic and Apoplastic Pathways
in Systemic Signaling

The pioneering observation of systemic light acclimation suggested that light-
induced accumulation of H,O, in vascular leaf areas initiated systemic signaling,
which induced stress resistance in high-light-illuminated Arabidopsis plants (Fryer
et al. 2003; Karpinski et al. 1999). In further studies on the mechanisms of systemic
signaling, ROS production in the apoplast of bundle sheath cells was associated
with NADPH activity and found to become enhanced upon biosynthesis of ABA in
adjacent cells of vascular parenchyma (Galvez-Valdivieso et al. 2009). In addition,
Szechynska-Hebda et al. (2010) proposed the involvement of photoelectron-
physiological signaling (PEPS) in long-distance mechanisms of light acclimation.

These findings suggested the involvement of plasma membrane electrical poten-
tial, NADPH oxidases, and chloroplasts as sources of ROS in systemic signaling,
and this signaling interaction most likely involves also the heterotrimeric G-
proteins (Joo et al 2005). Moreover, besides H,O,, singlet oxygen also seems to
accumulate predominantly along leaf vasculature (Suorsa et al. 2012), but the
significance of this observation with respect to light acclimation remains obscure.
NADPH oxidases are integral plasma membrane proteins composed of six trans-
membrane domains supporting two heme groups. The two independent hemes and
FAD are required for transfer of electrons from NADPH, which serves as cytoplas-
mic electron donor across the membrane to oxygen, the extracellular electron
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acceptor, to generate the superoxide radical (Sagi and Fluhr 2006). In a secondary
reaction, O, is dismutated to hydrogen peroxide.

Whereas the involvement of the above-mentioned components in systemic light
acclimation is clear, the sequence of events remains poorly understood. Evidence
has accumulated suggesting that NADPH oxidase-dependent apoplastic ROS pro-
duction is followed by ROS production in the chloroplast, and that there is regu-
latory hierarchy in signal transfer from the apoplast to the chloroplast (Joo et al.
2005; Nomura et al. 2012). Such close signaling interaction is facilitated by the
small physical distance between the chloroplast and the apoplast. In plant cells, the
chloroplast envelope is often observed in a very close proximity with the plasma
membrane, which should allow rapid and efficient communication between the two
cellular compartments.

The finding that NADPH oxidases contribute to systemic signaling over long
distances led to the formation of the concept termed the “ROS wave” (Mittler et al.
2011). Besides high light, this mechanism was shown to be induced by wounding,
cold, heat, and salinity (Miller et al. 2009). Intriguingly, in all cases, formation of
the ROS signal was found to depend on the specific NADPH oxidase isoform
AtRbohD. Analysis of an Arabidopsis line expressing a luciferase reporter gene
under the control of a ROS-responsive ZAT12 promoter revealed that application of
a local stress treatment elicited luciferase activity both at the site of treatment and in
systemic untreated tissues. The signal propagation was rapid, traveling at a rate of
8.4 cm/min along the stem axis, and coincided with apoplastic ROS accumulation
in wild-type plants but was suppressed in atrbohD mutant plants (Miller et al.
2009). These findings led to a conclusion that AtRbohD generates a ROS signal
capable of triggering and maintaining an auto-propagating ROS wave that travels
from cell to cell across long distances. This also clarifies the early observations
where H,0, was shown to have a key role in systemic acclimation responses under
high light stress (Fryer et al. 2003; Rossel et al. 2007). How the ROS signal is
perceived and how the ROS burst becomes triggered in the neighboring cells,
however, will be matters of future breakthrough.

With respect to bundle sheath-specific pathways of ROS signaling, it is
intriguing that chloroplasts located along the veins in Arabidopsis leaves were
found to be less sensitive to light stress than the mesophyll cell chloroplasts. This
became evident upon phenotypic characterization of fapx sapx double mutants
deficient in the chloroplastic stromal and thylakoid-bound ascorbate peroxidases,
or tapx sapx vtc2 triple mutants deficient in both chloroplast ascorbate peroxidase
and ascorbate. Both mutants showed bleaching of interveinal leaf tissues upon
methyl-viologen treatment or illumination under high light (Giacomelli et al.
2007; Kangasjirvi et al 2008). Studies have also revealed that genes related to
plant antioxidant network may be preferentially expressed in the paraveinal regions
of leaves. These gene products include the cytoplasmic ascorbate peroxidase
2 (APX2), a microRNA (miR398) that targets the Cu/Zn superoxide dismutase
(Sunkar et al. 2006) and a chloroplastic glutaredoxin (Cheng et al. 2006). The
physiological significance of APX2 induction or the extent to which APX2 is
required to quench the ROS in the cytoplasm of bundle sheath cells, however, is



Systemic Signaling in Light Acclimation of Leaves 241

not clear. As a whole, the physiological significance of cell-type-specific expression
of antioxidant components in systemic light signaling remains to be elucidated.

7 Implications for Hormonal Signaling in Systemic Light
Acclimation

Whereas the role for ROS as a messenger in systemic signaling seems clear, it is
likely that the SAA response additionally involves other thus far unknown
components, which promote gene expression changes in shaded leaves. SAA
might be caused by a mobile signaling molecule eliciting the response, a system
analogous to the regulation of flowering through FLORIGEN, which migrates from
the shoot apex to initiate flowering in shoot apical meristem of buds in response to
photoperiodism (Turck et al. 2008) (Figs. 1 and 2).

The mechanism of SAA seems to share a level of commonalities with those
mediating the systemic acquired resistance (SAR), which becomes induced in
uninfected parts of a pathogen-exposed plant (Mullineaux et al. 2000). Upon
systemic induction of immune reactions, a mobile signaling molecule is transported
to distal uninfected parts of the plant where it induces formation of ROS and the
expression of pathogenesis-related genes.

In SAR, multiple phytohormones and other small signaling compounds includ-
ing H,O,, jasmonic acid, salicylic acid, and azelaic acid have been suggested to
function as a mobile signal from the infection site to distal leaves. However, no
single substance has been found to mediate all features of SAR. Signals are
transduced through the vascular tissue as well as air by volatile compound (Shah
2009). Heil and Ton (2008) proposed a model where distal defense responses are
self-primed by volatile signals, while vascular signaling is needed for their full
elicitation. Upon systemic signaling taking place after wounding, it has been
proposed that the signal to distal leaves is transmitted through the cells of vascular
parenchyma as a signal where jasmonate induces its own biosynthesis in the
neighboring cells, thus moving the signal along the vascular tissue (Heil and Ton
2008). A similar kind of model might explain also the systemic acclimation to
abiotic stresses.

Recent findings suggest that light acclimation involves cross-talk with
components related to salicylic acid, jasmonic acid, and ethylene dependent
defense signaling pathways (Miihlenbock et al. 2008). SAA, however, does not
seem to depend on the perception or signaling through these stress hormones, and in
this respect seems to be mediated by mechanisms different from SAR. Rossel et al.
(2007) analyzed the jasmonic acid- or salicylic acid-related signaling mutants jar!-
1, jinl, nprl, and NahG; all exhibited the systemic light acclimation response,
albeit to a lesser extent than wild-type plants. Indeed, as yet there is no evidence that
any of these hormones would directly act as a mobile signal for triggering systemic
light acclimation responses in the nonexposed tissues.
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A zinc finger transcription factor ZAT10 has been shown to regulate the expres-
sion of a set of same genes that are activated in distal and high light exposed leaves
during SAA. ZAT10 becomes rapidly induced in leaf vasculature in both the
exposed and the shaded tissues, with the exception of roots, after the onset of
light stress, pointing to the role of ZAT10 in only green parts of plant. The induction
of ZATI10 correlates with enhanced expression of antioxidant genes and increased
tolerance against light-induced damage of PSII in the light-exposed leaves as well
as tolerance to exogenous H,O, (Rossel et al. 2007). Overexpression of ZAT10
results in a stunted mutant phenotype and promotes enhanced tolerance to various
abiotic stresses including drought and high light. Thus ZAT10 may regulate the
genes activated both in high light and drought (Mittler et al. 2006). The MAP
kinases MAPK3 and MAPKG6 have been shown to directly interact and phosphory-
late ZAT10 (Nguyen et al 2012). Moreover, MAPK3 and MAPK6 mediate the
onset of defense signaling in response to pathogens (Asai et al. 2002). This
interaction with ZAT10 offers a route through which the responses to various
stresses can be regulated and explains the elevated resistance to multiple stress
conditions.

ZATI10 and another similar transcription factor ZAT12 are induced under a
range of stress conditions, including high light, drought, salt, and cold (Lee et al.
2002: Sakamoto et al. 2000). Intriguingly, the induction of ZAT10 and ZAT12 was
delayed upon high light illumination of the chloroplast signaling mutants gunl/ and
abi4 compared to wild-type plants (Koussevitzky et al. 2007), which raises the
question whether the GUN1/ABI4 pathway also mediates systemic signals. A
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notable overlap exists in the gene expression changes taking place after shift to high
light and the treatment with exogenous ABA (Kimura et al. 2003). Some of the
overlap can be explained with the sudden decrease in the cell water potential after
the shift to high light. What is more, functional ABA biosynthesis is required for the
high light gene expression. The regulation may take place through a pathway where
the protein kinase OPEN STOMATA 1 (OST1) positively regulates the accumula-
tion of H,O,, which in turn induces the high light genes (Galvez-Valdivieso et al.
2009). One can assume that a number of yet unidentified transcription factors and
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other signaling components that allow plants to record and signal the severity of
environmental stress are awaiting discovery.

8 APX2 as a Marker for Multiple Pathways in Light Stress
Responses

Induction of the gene encoding the antioxidant enzyme APX2 is a classical marker
for high light stress (Mullineaux et al. 2000). APX2 was also one of the first genes
shown to be systemically upregulated in the vascular tissue of distal leaves in
response to H>O, accumulating during local high light exposure (Bechtold et al.
2008). In subsequent studies, transgenic Arabidopsis plants expressing luciferase
under the promoter of APX2 have been instrumental in dissecting the components
underlying systemic light acclimation in leaves. Besides high light, APX2 can be
induced by heat and drought (Fryer et al. 2003). The transcriptional induction of
APX2 is governed by multiple overlapping signals including light-induced reduc-
tion of the plastoquinone pool, accumulation of chloroplastic and apoplastic ROS,
glutathione metabolism, ABA signaling, and the PAP-dependent retrograde signal-
ing pathway (Ball et al. 2004; Estavillo et al. 2011; Fryer et al. 2003; Karpinski
et al. 1999). Photorespiratory H,O, production in peroxisomes, however, does not
seem to have a notable role in the high-light-induced APX2 expression (Fryer et al
2003).

The high-light-inducible expression of APX2 was also found to be positively
regulated by OST1 and negatively controlled by the G-protein coupled receptor. In
ostl-1 mutants, APX2 was not induced under high light, whereas some other high
light markers such as ELIP1 and HSP17.6 were expressed like in wild-type plants
(Galvez-Valdivieso et al. 2009; Volkov et al. 2006). OST1 and the G-proteins are
well-known components in the regulation of stomatal movements (Merlot et al.
2002). Thus, mechanisms governing systemic light acclimation and the stomatal
aperture seem to share common components, albeit the extent to which stomatal
guard cells contribute to light acclimation is currently not understood. Altogether,
the amplitude of APX2 gene expression, indicative of the onset of systemic accli-
mation responses in bundle sheath cells, is controlled by overlapping pathways that
respond to the water balance, metabolic homeostasis, and cellular ROS/redox state
in Arabidopsis leaves.

9 Conclusions

Maintenance of cellular homeostasis plays a crucial role in plant “survival of the
fittest.” During evolution, plants have evolved a catalogue of mechanisms to cope
with harsh environmental conditions that can be expected to change in time. A key
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phenomenon in plant acclimation is known as systemic light signaling, whereby
shaded parts of the plant receive signals from light-stressed leaf tissues and develop
adjustments for potentially upcoming stress conditions. Tight regulation of redox
balance and metabolite shuttling between organelles represent vital mechanisms in
the maintenance of metabolic homeostasis, and allow dissipation of excess
reductants that otherwise would block and damage the photosynthethic apparatus.

Systemic signaling upon perception of high light stress is of basic importance in
the evolutionary calendar of plants as sessile organisms. The emerging picture on
systemic light acclimation indicates that chloroplast retrograde signals cross-
communicate with apoplastic pathways through yet undefined molecular
interactions. Considerable research efforts are therefore still needed to identify
the signaling components and receptors that mediate and determine the acclimation
strategies in local and systemic leaf tissues under light stress.
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