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Abstract 

Like all aerobic organisms, plants and algae co-opt reactive oxygen species (ROS) 

as signaling molecules to drive cellular responses to changes in their environment. In 

this respect, there is considerable commonality between all eukaryotes imposed by 

the constraints of ROS chemistry, similar metabolism in many subcellular 

compartments, the requirement for a high degree of signal specificity and the 

deployment of thiol peroxidases as transducers of oxidizing equivalents to regulatory 

proteins. Nevertheless, plants and algae carry out specialised signaling arising from 

oxygenic photosynthesis in chloroplasts and photoautotropism, which often induce 

an imbalance between absorption of light energy and the capacity to use it 

productively. A key means of responding to this imbalance is through communication 

of chloroplasts with the nucleus to adjust cellular metabolism. Two ROS, singlet 

oxygen (1O2) and hydrogen peroxide (H2O2), initiate distinct signaling pathways 

when photosynthesis is perturbed. 1O2, because of its potent reactivity means that it 

initiates but does not transduce signaling. In contrast, the lower reactivity of H2O2 

means that it can also be a mobile messenger in a spatially-defined signaling 

pathway. How plants translate a H2O2 message to bring about changes in gene 

expression is unknown and therefore, we draw on information from other eukaryotes 

to propose a working hypothesis. The role of these ROS generated in other 

subcellular compartments of plant cells in response to HL is critically considered 

alongside other eukaryotes. Finally, the responses of animal cells to oxidative stress 

upon high irradiance exposure is considered for new comparisons between plant and 

animal cells.  
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Abstract figure 

 

 

 

 

Highlights 

 

• An outline of the common features of deploying reactive oxygen species 

(ROS) as signalling molecules in all eukaryotes even when considering plant 

cells exposed to high light. 

• The description of a possibly complete chloroplast-nucleus retrograde 

signalling route initiated by 1O2. 

• An up-to-date description of spatial components of chloroplast–to-nucleus 

retrograde communication, which solves many issues of signal specificity. 

• Drawing on non-plant experimental systems, we outline hypotheses of how a 

H2O2 signal is propagated when it exits the chloroplast and arrives in the 

nucleus or the cytosol. 

• A critical consideration of the role of ROS from other subcellular 

compartments to act in retrograde signalling in high light-exposed plant cells.  
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Abbreviations: ABA; abscisic acid; ABC; ATP binding cassette; ADP + Pi, adenosine 
diphosphate and inorganic phosphate; AOX, alternative oxidase; APX, ascorbate 
peroxidase; ATP, adenosine triphosphate; AQP, aquaporin; b6f, Cytochrome b6f 
complex; CysP, peroxidatic cysteine; CysP-OH, sulfenic acid form of CysP; CysR, 
resolving cysteine; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; EEE, excess 
excitation energy; ER; endoplasmic reticulum; FLV, flavodiiron; FRBM, Free Radical 
Biology & Medicine; GPX, glutathione peroxidase; H2O, water; H2O2, hydrogen 
peroxide; HL, high light; HOTE, 10-hydroxy- 8,12,15(E,Z,Z)octadecatrienoic acid; 
HSFA1d, Heat Shock Transcription Factor A1d; JA, jasmonic acid; LEF, linear 
electron flow; MDA, monodehydroascorbate radical; MDAR, monodehydroascorbate 
reductase; MEcPP, methyl erythritol cyclodiphosphate; mtETC, mitochondrial 
respiratory electron transport chain; NADPH, Nicotinamide adenine dinucleotide 
phosphate; OH., hydroxyl radical; O2, molecular (ground state) oxygen; 1O2, singlet 
oxygen; O2.-, superoxide anion; P680, primary oxidant of PSII; PAP, 3’ 
phosphoadenosine 5’ phosphate; PC, plastocyanin; PCD, programmed cell death; 
PET, photosynthetic electron transport; PQH2   plastoquinol; PRX, peroxiredoxin; 
PUFA, polyunsaturated fatty acid; PPFD, photosynthetically active photon flux 
density; PQ, photochemical quenching; PSI, photosystem I; PSII, photosystem II; 
PTOX, plastid terminal oxidase; roGFP2; redox-sensitive green fluorescent protein 2; 
ROS, reactive oxygen species; SOD, superoxide dismutase; WWC, water-water 
cycle. 
 

Aims and limits of this Review 

For plants, changes in light intensity, duration and quality govern every aspect of 

their life cycle and metabolism. In its very small way this review will focus on one 

important aspect; how leaves elicit signalling responses to increased light intensity, 

which presents both a threat of photo-damage to the photosynthetic apparatus, but 

also an opportunity to increase photosynthesis and therefore growth and fecundity, 

which we can term high light (HL) stress and acclimation respectively. The special 

issue of FRBM also sets the task of determining if there are implications for 

mammalian physiology in considering this most plant-specific of processes. 
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Therefore, while we focus this review on the chloroplast and its ability to transmit 

signals to the nucleus to bring about changes in gene expression in response to HL, 

we do draw on relevant mechanistic processes in other eukaryotic cells. We have 

done this, in part, by focussing on signalling associated primarily with the reactive 

oxygen species (ROS) hydrogen peroxide (H2O2) and singlet oxygen (1O2), which 

unless otherwise stated, we term ROS when considering them together. 

There is a considerable body of research conducted on signalling from 

dysfunctional chloroplasts, which includes many of the first studies on chloroplast-to-

nucleus retrograde signalling [1, 2]. One would expect that ROS would be highly 

implicated in signalling from disabled chloroplasts. This is the case in many of the 

genomes uncoupled mutants, which accumulate photodynamic intermediates of 

chlorophyll biosynthesis, which cause extensive oxidative stress in HL. Likewise, in wild 

type plants treated with the carotenoid biosynthesis inhibitor herbicide norflurazon or 

prokaryotic protein synthesis inhibitor lincomycin, disabled chloroplasts would likely 

produce ROS. However, it is difficult to extrapolate from such mutants and treatments to 

wild type plants under more normal environmental conditions. Therefore, this review has 

steered away from considering this work in any extensive way. 

ROS for signalling is constrained by their chemistry irrespective of the system 

ROS are highly reactive and in most cases, have a short lifetime, making them 

difficult to study. This is further compounded by the many different types of ROS, 

their preferred biological target within a cell, and conversions between different ROS 

species [3-7]. Reactive nitrogen species and other endogenously produced gases 

cross-react with many ROS [8], adding yet more complexity. 

The ROS superoxide anion (O2
.-), hydrogen peroxide (H2O2) and the hydroxyl 

radical (OH
.
) arise as reductive intermediates between molecular oxygen (O2) and 
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water [9]. The strategy for any (micro)aerobic living system is to minimise the 

formation of OH
.
, the most reactive chemical species in biological systems, which is 

achieved by non-enzymic and enzyme-catalysed scavenging of O2
.- and H2O2 [10]. 

There also are no free transition metal ions to catalyse the reaction of these two 

ROS to produce OH
.
  in the Haber-Weiss reaction [10, 11]. The extreme reactivity of 

OH
.
  is thought to preclude it from any direct role in signalling [12].  

O2
.- has been implicated in signalling in bacteria. In Escherichia coli the soxR 

and soxS proteins are oxidised by O2
.- to activate the expression of genes of the 

soxR/S regulon [13]. However, in studies on eukaryotic systems, attribution of this 

ROS as directly engaging in signalling has, to our knowledge, never been made.  It 

is H2O2 which has received the most attention as a signalling molecule [14]. Relative 

to the other ROS, it is the most stable of them and while it is still a potent oxidant 

capable of oxidising cellular macromolecules, it is less reactive. These intrinsic 

chemical properties, its synthesis and accumulation in several subcellular locations, 

its potential mobility within and between cells and its rapid reduction by highly 

redundant enzymic antioxidant systems, make H2O2 an ideal signalling molecule 

[15,16]. 

A further ROS worthy of mention is singlet oxygen (1O2). This is different from 

the other ROS in that it has not gained electrons but is rather an excited state of 

ground state O2 [17]. 1O2 is highly reactive, so much so, a little like OH
.
, it is thought 

not to diffuse far from its site of production [18], although mobility of this ROS has 

been implied in one study in Chlamydomonas [19]. However, in plants, 1O2 initiates 
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several signalling responses to HL and other stresses and is considered in more 

detail below. 

SUBCELLULAR SOURCES OF ROS FOR SIGNALLING IN HL 

Photoinhibition of photosynthesis and production of 1O2 in chloroplasts 

When leaves of plants grown at a certain light level are exposed to a higher light 

intensity this can exceed the extant capacity of photosynthesis to use the absorbed 

energy. Under these HL stress conditions, increased production of ROS occurs in 

different sub-cellular compartments [20]. Conversely any other abiotic or biotic stress 

that depresses photosynthesis will lower the threshold at which HL causes increased 

ROS production. For example, chilling in the light will lower the rates of the Calvin-

Benson Cycle reactions of photosynthesis without substantially lowering the rate of 

light harvesting [21].  Drought stress brings about closure of stomata that restrict 

carbon dioxide diffusion into the leaf. This has the same effect as chilling i.e. creating 

an imbalance between the absorption of light energy and the plant’s ability to use it 

productively [20,22]. However, if the imbalance between the absorption of light 

energy and its consumption by primary metabolism continues or gets worse, then 

Photosystem II (PS II) reaction centres sustain more oxidative damage than can be 

repaired. This irreparably inhibits photosynthesis leading to a decline in plant 

productivity [23]. Under such an imbalance, the level of 1O2 at PS II reaction centres 

can rise substantially because of resonance transfer of light energy from excited 

triplet chlorophyll to ground state O2 [17] and is regarded as the underlying cause of 

irreversible photoinhibition [23,24]. 1O2 is primarily quenched by carotenoids and 

probably α-tocopherol [25] present in large amounts in the thylakoids. The reaction 

of carotenoids with 1O2 can give rise to signalling molecules [26] (see below). More 

universally, is the reaction of 1O2 with fatty acids, which give rise to a cocktail of lipid-
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soluble peroxides and peroxy radicals [24, 27, 28], which can carry out signalling 

(see below).   

Reduction of O2 in chloroplasts, the dissipation of excitation energy and the 

potential for generating H2O2 for signalling. 

Before oxidative damage to PSII becomes significant, absorbed light energy (more 

accurately termed excess excitation energy; EEE) is dissipated safely as heat 

through resonance transfer of the absorbed light energy from excited chlorophylls to 

xanthophyll carotenoids by non-photochemical quenching. The reader is referred to 

several excellent descriptions of this crucial component of plant photo-protection [20, 

29, 30], which will not be further considered here.  EEE is dissipated also by several 

diverse metabolic processes, collectively termed photochemical quenching (PQ), 

which act as electron sinks and thus prevent over-reduction of the photosynthetic 

electron transport (PET) chain [20]. PQ processes so far identified include 

stimulation of primary (photosynthetic) metabolism [31, 32] and so-called “wasteful” 

reactions such as the Water-Water Cycle (WWC), the activity of plastid terminal 

oxidases (PTOX) and in C3 plants, photorespiration (see below).  

Primarily based on studies of algae, a key PQ process was identified as the 

WWC [33 - 35], which in response to HL, brings about the reduction of O2, derived 

from the splitting of water in PS II, back to water at the acceptor side of PS I and 

consumes reducing equivalents in the process (Figure 1).  
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Fig. 1    Photo-reduction of O2 and generation of ROS in higher plant 

chloroplasts. ADP + Pi   adenosine diphosphate and inorganic phosphate; APX2   

ASCORBATE PEROXIDASE2; ATP   adenosine triphosphate; b6f   Cytochrome b6f 

complex; H2O   water; H2O2   hydrogen peroxide; LEF   linear electron flow; MDA   

monodehydroascorbate radical; MDAR   monodehydroascorbate reductase; NADPH   

Nicotinamide adenine dinucleotide phosphate; O2   molecular oxygen; P680   

primary oxidant of PSII; PC   plastocyanin; PQH2   plastoquinol; PSI   photosystem I;  

PSII   photosystem II; PTOX   plastid terminal oxidase; SOD   superoxide dismutase. 

 

The reduction of O2 to O2
.- is the Mehler reaction and gives rise to H2O2 via 

the action of superoxide dismutases (SODs; Figure 1). In algae and cyanobacteria, 

there is no doubt that the WWC is a major means of dissipating excitation energy. 

For example, it accounts for up to 49% of total electron flux in diatoms [36] and 

occurs as a significant activity throughout the Chlorophyte lineage up to and 
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including the Gymnosperms [37]. The high activity of WWC in these organisms does 

not necessarily mean an accompanying high level of O2
.- and H2O2. This is because 

of the flavodiiron (FLV) proteins, which as O2 reductases, catalyse the rapid 

reduction of O2 directly to water minimising intermediate ROS formation.  FLVs are 

prokaryotic in origin but again can be found all the way up to the Gymnosperms, but 

importantly, not in the Angiosperms [34, 35, 38, 39]. 

In Angiosperms, the activity of WWCs and Mehler reaction is low, with 

measures of PET-driven O2 reduction ranging from zero to a maximum of 4.4% of 

total linear electron flux in bean leaves under HL at their CO2 compensation point 

(i.e. where the CO2 fixed by photosynthesis equals that produced by respiration) in 

the absence of photorespiration [37, 40, 41]. Nevertheless, O2
.- can be detected in 

leaves in response to HL and other stresses [41 - 43]. More commonly, there have 

been many reports of photosynthesis-dependent HL-induced increases in foliar H2O2 

levels, which in Arabidopsis shows preferential accumulation in leaf bundle sheath 

cell chloroplasts [41, 44 - 46].  Recently the use of HyPer, a GFP-based specific 

H2O2 sensor, demonstrated the dynamics of production in Nicotiana benthamiana 

chloroplasts’ stroma, which begins at 10 mins after the onset of HL, is PET-

dependent and is both an initiator and likely transducer in chloroplast-nucleus 

signalling (see below) [47]. The use of HyPer can be challenging due to its pH 

sensitivity and a tendency to be silenced in stable transgenic plants. Nevertheless, 

using this or similar genetically-encoded biosensor proteins, it is now theoretically 

possible to determine the concentration of H2O2 in the chloroplast stroma. Therefore, 

there is now the prospect of determining the rates of change in H2O2 concentrations 

on the stromal side of the thylakoids and matching this against both the overall rates 

of PET and O2 photo-reduction (including chlororespiration). Would we see any 
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agreement in these values compared with the low rates of O2 reduction determined 

under the same conditions and therefore, is this production of H2O2 in chloroplasts a 

consequence of Mehler reaction activity? This question is not easy to answer and it 

is not even clear if the Mehler reaction in Angiosperms is driven by one or more 

specific proteins.  

It is possible to demonstrate in vitro that the reaction of ascorbate with 1O2 

results in H2O2 at a 1:1 stoichiometry under physiologically relevant conditions and 

therefore could be considered an alternate source in chloroplasts of this ROS for 

signalling [4].  However, exposure to HL of leaves treated with the PET inhibitor 3-

(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), which causes a strong increase in 

1O2 levels [48, 49] does not cause any increase in H2O2 in the chloroplast stroma 

[47]. This excludes the likelihood that 1O2 would be the source of H2O2 for signaling 

in the chloroplast in response to HL. 

The involvement of PTOX rather than FLVs can provide another version of the 

WWC. There is considerable evidence that in algae and higher plants that PTOX 

acts as an alternative electron sink and therefore contributes to PQ [34, 50 - 52].  

However, of relevance to this review is the question of whether PTOX can produce 

O2
.-, which would dismutate to H2O2 that could be co-opted for signalling. This is a 

controversial question to address. The debate is still on-going with the argument that 

PTOX conducts side reactions that generate these ROS [35, 51- 53]. This is based 

on studies of the enzyme in vitro and thylakoid preparations from transgenic tobacco 

over-expressing Arabidopsis PTOX. The PTOX over-expressing plants do produce 

O2
.-and H2O2 but it is not clear that in vivo the recombinant PTOX is directly 

responsible for this. The counter argument is that in comparisons of plant species of 

the same genus, or different genotypes of the same species that harbour differing 
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PTOX activity do not show proportional changes in ROS levels [50, 54, 55]. On the 

contrary, PTOX activity has been associated with reduced levels of H2O2 because it 

competes for reducing equivalents with the Mehler reaction [56]. Further, at least one 

in vitro study has ruled out ROS production by PTOX [57]. Consequently, detailed 

reviews on PTOX do not raise this as a possibility [52].  

Are peroxisomes sources of ROS for HL signalling? 

In C3 plants exposed to HL, photorespiration accounts for a substantial amount of 

Rubisco activity in competition with photosynthesis. Photorespiration is an intrinsic 

activity of Rubisco and is the catalysed oxidation of ribulose bisphosphate with O2 

rather than CO2, generating phosphoglycolate rather than 3-phosphoglycerate [58]. 

Photorespiration in the chloroplast is not a source of ROS but the photorespiratory 

cycle, which is used to return glycolate to primary metabolism, is a major source of 

H2O2 in peroxisomes [59].  The value or otherwise of photorespiration to plant/crop 

productivity is the subject of considerable debate [60 -62], but it is a highly significant 

PQ process.  

The further oxidation of glycolate to glyoxylate is catalysed by glycolate 

oxidase [61].  In doing so, this reaction generates H2O2 in peroxisomes, that even 

with a strong antioxidant system, has been estimated to produce steady state levels 

in the order of 10 µM [16]. To deal with this amount of H2O2, peroxisomes have a 

highly developed enzymic and non-enzymic antioxidant system, the most prominent 

and specific feature being the large amounts of the enzyme catalase [59]. Therefore, 

while photorespiration under HL can bring about a substantial increase in H2O2 levels 

and the process may be of value in dissipating EEE, the question is does this source 

of H2O2 gives rise to specific signalling events under these conditions? There is an 

extensive body of work using both tobacco and Arabidopsis plants deficient in 
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peroxisomal catalase activity [63 - 65]. Such plants often show HL sensitive 

phenotypes and altered expression of at least several hundred genes, many being 

annotated as stress responsive or defensive and their regulation mediated by stress 

hormones such as salicylic acid [63, 65 - 68]. This could be taken to mean that H2O2 

from peroxisomes act to initiate and/or transduce signals to the nucleus in response 

to HL. However, it is difficult to see how the study of catalase-deficient mutants 

allows an extrapolation to the wild type plant under HL. In this respect, what may be 

of significance is that such plants display an oxidative stress phenotype analogous to 

plants undergoing a non-limited hypersensitive immune response displayed by lesion 

mimic mutants, plants suffering acute ozone fumigation, exposure to the herbicide 

paraquat or an induced increase in 1O2 production [43, 69, 70]. To some extent all 

these observations on disparate experimental systems suggest that there is a 

common signalling response to oxidative stress that may be associated with the 

triggering of programmed cell death (PCD) [70]. This would be manifest in wild type 

plants during an immune response to some pathogens or extreme abiotic stress 

such as a very HL provoking extensive photoinhibition [71, 72].  Unfortunately, 

evidence is lacking that under such circumstances peroxisome-sourced H2O2 plays a 

signalling role. We suggest those unusual situations for the plant such as a 

permanent and debilitating loss of catalase activity lead to oxidative damage, which 

provokes PCD as a default response [70].  

More recently, experimental evidence has shown that only H2O2 sourced from 

chloroplasts initiates HL signalling and one corollary of this was to exclude it from 

other major cellular sources such as peroxisomes [47]. It should be emphasised that 

this conclusion does not exclude peroxisome-sourced H2O2 being a source for 

signalling in wild type plants under other stresses, but in HL it could be that 
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increased H2O2 in peroxisomes is scavenged effectively and is not able to initiate 

signalling.  

Are mitochondria sources of ROS for HL signalling? 

The mitochondrial respiratory electron transport chain (mtETC) is a source of O2
.- 

and its consequent dismutation to H2O2 (see above) occurs during normal 

respiration. Over-reduction of the mtETC leads to a substantial increase in these 

ROS, occurring when cells are treated with inhibitors of respiration or where ADP 

supply becomes limited. In mammalian cells, increased ROS production has been 

associated with pathologies that induce mitochondrial dysfunction thus triggering 

apoptosis. The reader is referred to an excellent review [73] for a detailed description 

of how ROS arise from different points along the mETC and how these initiate 

signalling.  In plants, there is good evidence for the mtETC being a source of O2
.-  

and H2O2 and considerable genetic and biochemical evidence, that as in animals, 

mitochondria in plant cells do play roles in PCD. The reader is referred to a recent 

paper [12] regarding a critical review of this subject but it should be noted that as 

with dysfunctional peroxisomes, ROS production by dysfunctional mitochondria 

produces changes in the transcriptome reminiscent of the many oxidative stress-

associated signalling events mentioned in the previous section [74].  

Mitochondria are important in HL responses of wild type plants through 

increased respiration contributing to PQ [75,76]. In addition, HL also induces the 

expression of nuclear genes coding for ALTERNATIVE OXIDASE (AOX) [76]. AOX 

isoforms lower the energy efficiency of mitochondrial electron transport by diverting it 

from ubiquinone to O2 generating water without any intermediate ROS production 

[77]. In addition, uncoupling proteins cause leakage of protons across membranes, 

which prevent over-reduction of mtETC components, thus lowering the opportunity 
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for O2 reduction to promote ROS formation. Therefore, under HL conditions the 

mtETC undergoes changes that seem to minimise ROS production but increase its 

contribution to PQ. However, while there is evidence of retrograde signalling from 

mitochondria operating in HL, such as the often-observed induction of AOX gene 

expression and increased AOX protein levels [74, 78], a critical role for ROS in this 

process is absent. 

In mammalian cells, the relationship of ROS and mitochondria is important 

since all evidence points to them having a crucial role in retrograde signalling [73, 

79-84]. Exposure to light from lasers in mammalian cells cause mitochondrial 

membranes to become depolarised at excessive ROS concentrations [73, 85 - 87] 

and may be destroyed in a ROS burst by prolonged opening of mitochondrial 

permeability transition pores [88 - 90]. This mitochondrial permeability transition can 

induce DNA fragmentation [91] and apoptosis [92]. The mitochondrial membrane 

contains key regulators (cytochrome c, the Bcl-2 family of proteins) of the balance 

between apoptosis and survival. Even at low irradiance, mitochondria-derived ROS 

may lead to cell death [93]. One possible reason is that mitochondria are rich in 

chromophores that are photosensitive in the UV and visible wavelength range, such 

as heme proteins, flavoproteins, and NADH or NADPH [94 - 96]. This is 

compounded by the complex interaction of mitochondria with the endoplasmic 

reticulum (ER) [97, 98].  

Perhaps one of the most intriguing questions that remains to be investigated 

is whether mitochondria and peroxisomes fulfil different signalling functions in cells 

with or without chloroplasts. We believe that invaluable information can be gained 

from comparing redox biology across species and kingdoms to answer this question. 
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Extracellular, cytosolic and plasma membrane sources of ROS for HL 

signalling 

There are many potential sources of O2
.- and H2O2 arising from specific enzyme 

reactions located in the cytosol, plasma membrane and cell wall. In the cell wall 

these reactions, such as from anionic peroxidases [99] and berberine bridge 

reticuline oxidases [100, 101], have been suggested to act as sources of H2O2 for 

signalling, although their primary purpose is likely to provide it for oxidative cross-

linking of lignin into the cell wall matrix [102]. In any case, no link to HL responses 

has been reported. In contrast, the plasma membrane-associated NADPH oxidases 

have been strongly implicated in signalling, initially as part of the hypersensitive 

response and then in the abscisic acid (ABA) -triggered closure of stomata [103]. In 

Arabidopsis bundle sheath cells, the HL-mediated induction of ASCORBATE 

PEROXIDASE2 (APX2) is controlled in part by a ABA-signalling pathway consisting 

of a core protein phosphatase 2A ABSCISIC INSENSITIVE1 (ABI1)/ ABI2 / 

SUCROSE NON-FERMENTING RELATED PROTEIN KINASE2.6 (SnRK2.6) 

regulatory module [45, 104, 105].  The RESPIRATORY BURST (NADPH) 

OXIDASEF (RBOHF) whose production of O2
.- is stimulated by ABA, was also 

shown to be required for induction of APX2 expression [45]. It was suggested that 

the resulting H2O2 is part of a feedback loop that inhibits redox sensitive ABI2 activity 

thereby stimulating SnRK2-mediated ABA control of APX2 expression [45, 106]. 

Whereas mutations in this signalling pathway affect the ability of bundle sheath cells 

to respond to HL, they have no impact at the whole leaf level [45]. However, an 

enhanced capability of bundle sheath cells to produce O2
.- and H2O2 [42, 106] may 

be important in the systemic transmission of a localised intense HL exposure. 

Extracellular H2O2 was shown to be a component in the long-range transmission of 



 

 
 

17

signals that establishes a degree of acclimation to HL in previously un-exposed parts 

of the plant [107, 108]. This vectored systemic signal has been shown to involve 

ABA, RBOHD and Ca2+ in a H2O2- and voltage-mediated auto-propagating signal 

that passes rapidly from cell-to-cell [109, 110]. The HL exposures used were high 

and certainly produce strong photoinhibition, cell death manifested as bleaching of 

leaf tissues and gene expression signatures associated with PCD [107, 108]. Yet no 

involvement of 1O2 signalling has been implicated in this systemic signalling. In the 

HL-exposed cells this would certainly be the case and it would be of considerable 

interest to determine if this ROS appeared during the propagation of a ROS wave. 

Under more moderate localised HL exposures there is also some evidence of a 

systemic stimulation of antioxidant defence gene expression and production of 

extracellular H2O2 [46, 106]. Therefore, we speculate that signalling for a wide range 

of changes in PPFD, which may involve different ROS, nevertheless possess a 

systemic component linked to each specific intracellular signalling network.   

1O2 AND H2O2 AS INITIATORS AND TRANSDUCERS OF SIGNALS FROM 

CHLOROPLASTS TO THE NUCLEUS DURING HL 

The high reactivity of 1O2 (see above) means that it is likely to initiate rather than 

directly transduce signalling pathway(s) out of the chloroplast in response to HL. 

Within PS II reaction centres, 1O2 is quenched rapidly by carotenoids and one of the 

resulting oxidation products, ß-cyclocitral, could act as the transducer of a HL 1O2-

initiated signalling pathway [26]. Treatment of low-light grown plants with ß-

cyclocitral altered the expression of >1,000 genes and increased their tolerance to 

photooxidative stress.  Importantly, ca. 25% were in common with the transcriptome 

profile of the 1O2 flu Arabidopsis mutant reinforcing the notion that ß-cyclocitral 

transduces a 1O2 signal. While these observations are convincing there is yet no 
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further details of how (or if) ß-cyclocitral exits the chloroplast, whether it undergoes 

further metabolism or what its “receptor” could be to further transduce the signal. ß-

cyclocitral is a reactive electrophilic species and therefore could react with electron 

donors such as sulfhydryl groups in proteins [26]. This implied involvement of redox-

active proteins is attractive as this would allow an 1O2 signal to a converge into a 

generalised oxidative stress signalling network originating from several distinct 

sources and environmental challenges. 

There is strong evidence for a second 1O2 pathway, which in our view, is, to 

date, the most completely defined HL-initiated ROS-mediated retrograde signalling 

pathway. Exposure of wild type Arabidopsis plants to HL that promotes 

photoinhibition produces distinctive peroxidised polyunsaturated fatty acids (PUFAs) 

[24]. In vitro reduction of lipid extracts from HL-exposed leaves generated two 

hydroxy-PUFA isomers, 10- and 15-HOTE (HOTE stands for 10-hydroxy- 

8,12,15(E,Z,Z)octadecatrienoic acid) that are derived from their peroxide 

equivalents. These arise from the reaction of 1O2 with linolenic acid. Therefore, the 

possibility arose that lipid peroxidation arising from 1O2 in PSII reaction centres could 

transduce a retrograde signal. This was investigated further using the chlorina1 

(chl1) Arabidopsis mutant, which is extremely sensitive to photooxidative stress in 

HL because of impaired NPQ and a loss of structural integrity of PS II reaction 

centres [111]. This was attributed to increased 1O2 leading to increased detection of 

10- and 15-HOTEs indicative of increased lipid peroxidation [111]. Transcript 

profiling revealed a strong signature for signalling associated with the stress 

hormone jasmonic acid (JA), which is synthesised from PUFA hydroperoxides [112]. 

Increased production of JA and JA-mediated signalling had been observed in the 

1O2-generating flu mutant [113, 114]. A double mutant, chl1/ delayed dehiscence2 
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(dde2) was more resistant to photo-oxidative stress in showing less tissue bleaching 

and lipid peroxidation than chl1 [111]. Dde2 is defective in allene oxide synthase and 

cannot further metabolise 13-hydroperoxy linolenic acid and consequently cannot 

synthesise JA. Therefore, JA could be part of a 1O2 signalling pathway that triggers a 

HL-associated PCD in chl1. Moderate HL exposure of chl1, leading to some increase 

in 1O2 production, does prime the plant to be more tolerant of subsequent higher light 

intensities and interestingly, JA treatment of these plants blocks this subsequent 

acclimation pushing the plant into a PCD response [111]. In seedlings, it has been 

argued that moderate levels of 1O2 production do indeed promote acclimation to HL 

but this is mediated by the EXECUTER1 (EX1) and EX2-dependent pathways 

identified from a screen for reversion mutants of flu1 [48] [115] [116] and is distinct 

from the 1O2- JA-dependent pathway identified in chl1[111]. Equally the 1O2 initiated 

ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1)- and salicylic acid-mediated 

signalling pathway identified as operative in flu1 appears to play no role in HL 

responses [69, 111, 113, 117]  

In summary, the work on chl1 combined with knowledge on JA biosynthesis 

and downstream signalling means that this lipid peroxidation-mediated pathway can 

describe initiation of signalling by 1O2, signal transduction via PUFA peroxides 

leading to stimulation of JA biosynthesis, part of which is extra-plastidial thus 

allowing a signal to exit the chloroplast [112]. The receptors for JA signalling (JAZ 

proteins) which in the absence of JA, are repressors of transcription have been 

identified [112] and there are clear and specific changes in the expression of a panel 

of genes common to both 1O2-mediated HL responses and JA responses. Taking 

these studies together, a detailed HL- and 1O2-driven retrograde signalling pathway 
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clearly could be outlined (Fig. 2). 

 

Fig.2.  Proposed chloroplast-to-nucleus retrograde signalling routes initiated 

and/or transduced by 1O2 and H2O2. Question marks (?) are presumptive steps 

currently lacking experimental evidence. Cylinders coloured yellow and green depict 

aquaporins (AQPs) and a peroxisomal ABC transporter respectively. OPDA, 12-

oxophytodienoic acid; JA, jasmonic acid; JAZ; JA receptor. 

 

The operation of this proposed JA-dependent pathway and other stress 

hormone pathways is consistent with, and is an extension of, an emerging important 

role for ROS, chloroplasts and photosynthesis in the immunity of plants to pathogens 

[72, 118]. 

 

Retrograde signalling derived from primary metabolism. Do ROS have a role? 
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 In recent years, considerable evidence has accumulated that chloroplast retrograde 

signalling need not involve ROS at all. Intermediate compounds in primary metabolic 

networks have proved to be promising HL retrograde signalling molecules, which in 

some cases includes evidence that such molecules transduce the signal out of the 

chloroplast. Prominent among these molecules are 3’ phosphoadenosine 5’ 

phosphate (PAP), methyl erythritol cyclodiphosphate (MEcPP),   

and triose phosphate [119 - 121]. Metabolite profiling of HL-exposed plants or those 

with altered chloroplast redox states suggest that many more primary and 

intermediary metabolites could act as signalling molecules [122, 123].  

The question is, can ROS influence the levels of these metabolite retrograde 

signalling molecules? If yes, then ROS could initiate or participate in retrograde 

signalling through the metabolism of these molecules. PAP is degraded by the 

enzyme SAL1 and consequently negatively regulates responses to HL [119]. SAL1 

has four redox-sensitive Cys residues that, when oxidised or mutated to Ala, reduce 

the specific activity of the enzyme by 50% [124]. The oxidising conditions inside the 

chloroplasts needed to drive this response produce changes in stromal glutathione 

redox state, which means this system may activate only under photo-oxidative stress 

[124]. Nevertheless, this clearly shows how O2
.- and H2O2 could influence a 

metabolite-directed retrograde signalling pathway.  In contrast, signalling mediated 

by triose phosphates occurs more rapidly than that mediated by H2O2 [121], perhaps 

ruling out a role for signalling in this pathway. 

H2O2 as HL retrograde signalling transducer and the containment hypothesis. 

In animal cells, increased antioxidant content or ROS scavenging capacity is 

protective and enhances tolerance to oxidative stress [125, 126]. In plants subjected 

to HL and photooxidative stress, this is not the case. Paradoxically, enhanced levels 
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of the thiol antioxidant glutathione in chloroplasts, increases plants’ susceptibility to 

photoinhibition and triggers a PCD-like response [127, 128]. Transiently increasing 

ascorbate peroxidase (APX) activity in the chloroplast stroma or infiltration of 

reduced glutathione inhibits HL-induction of nuclear gene expression [47, 129]. 

Conversely, treating leaf tissue with 1-10 mM H2O2, a level that would cause 

oxidative stress in animal tissues, improves tolerance to photooxidative stress, 

decreases susceptibility to photoinhibition and induces the expression of genes 

coding for a wide range of functions [49, 107, 129 - 132]. Removal of multiple H2O2 

scavenging enzymes can lead to increased oxidative stress tolerance compared with 

the loss of a single gene [133 - 135]. These observations spanning two decades 

indicate that H2O2 has a role in inducing protective or acclimation responses to HL.  

The chemical stability of H2O2 compared with other ROS suggests that it 

could be a mobile signalling molecule transducing signals out of the chloroplast 

[136]. However, the cytosol contains a substantive H2O2 scavenging capacity, which 

is further enhanced upon exposure to HL [46, 129, 131, 137 - 139]. Therefore, it was 

hypothesised that under moderate HL conditions, the H2O2 signal would be 

converted to another molecule which would be unaffected by the reducing 

environment of the cytosol. This was termed the containment hypothesis, which 

postulated that for HL acclimation this was necessary.  Where HL triggered PCD, 

this was proposed to be because H2O2 had accumulated to sufficient levels to diffuse 

out of chloroplasts, exceed the capacity of cytosol antioxidant scavenging and trigger 

oxidative stress in other parts of the cell [139].  Isolated chloroplasts exposed to HL 

secrete H2O2 into their medium [140], which supported this hypothesis. However, 

spatial, temporal and non-invasive quantitative imaging of H2O2 in the cytosol [47] 

clearly showed that the containment hypothesis was only partly correct. Under 
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moderate HL conditions, H2O2 was observed to accumulate in the cytosol but was 

confined to microdomains adjacent to chloroplasts. This is similar to H2O2 micro- or 

nanodomains as sources of signalling observed in animal cells [141 - 144]. 

Therefore, still in keeping with the containment hypothesis, H2O2 would not be able 

to traverse the cytosol to deliver a chloroplast-sourced HL signal to the nucleus. The 

observation of chloroplast-associated cytosolic H2O2 microdomains implies that if 

there is onward signalling, the H2O2 would have to interact with the next step in the 

transduction pathway in the microdomain, imposing a spatial constraint on the 

process [144]. For example, in HL, the conversion of the Heat Shock Transcription 

Factor A1d (HSFA1d) from its inactive monomeric form to an active trimer may 

require H2O2 in the cytosol [138]. Therefore, this spatial constraint would require 

HSFA1d or an intervening transducing protein to be present in the microdomain at 

the right time. How this could be achieved is not known. 

Spatial components to ROS signalling from organelles to the nucleus – a 

means of increasing specificity. 

Under normal growth conditions, in different plant tissues and algal species, a 

proportion of chloroplasts in cells have been shown to appress to nuclei with some 

studies reporting ER interposed between them [144 - 149]. In Arabidopsis and 

Nicotiana benthamiana (N. benthamiana) epidermal cells a proportion of leucoplasts 

and chloroplasts respectively are associated with the nucleus [47,150]. Under HL 

conditions, it was established that in N. benthamiana epidermal cells, chloroplast-

sourced H2O2 was rapidly directly transferred to the nucleus without traversing the 

cytosol and was linked to the induction of a HL-responsive gene expression [47]. 

This provided evidence that the spatial association of chloroplasts with the nucleus is 

critical in providing signalling specificity. In epidermal cells of Arabidopsis, the 
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nucleus has been observed to move away from incident blue light [152, 153]. 

However, in the chloroplast unusual position1 (chup1) mutant, this fails to occur. This 

is because in this cell type, the nucleus depends upon its associated leucoplasts to 

move in response to incident light [152, 153]. The CHUP1 protein is expressed in 

photosynthetic tissues and is in the chloroplast envelope. CHUP1, via F actin 

filaments, provides linkage to the nuclear envelope [151, 153]. The need to move the 

nucleus in response to incident irradiation was suggested to be a protection against 

UV damage [152, 153]. However, this linkage could also be required to achieve 

retrograde signalling to coordinate plastid and nuclear responses to HL. In strong 

support of this argument, is that chup1 suffers more photoinhibition under HL than its 

wild type counterpart [152]. In the context of spatial retrograde signalling, this chup1 

HL phenotype would be because of a disruption in the direct transmission of 

retrograde signals from chloroplasts to nuclei. 

An additional and intriguing point is that stromal APX isoforms contain a 16-

residue insertion which is not present in cytosolic or glyoxysomal isoforms. This 

insertion renders these isoforms more sensitive to H2O2 inhibition than cytosolic 

isoforms [153]. It has been speculated that the increased sensitivity of stromal APX 

to H2O2 has evolved to allow a threshold to be set that would trigger chloroplast-to-

nucleus signalling [47, 154].  

 The transfer of H2O2 to the nucleus must include it crossing the chloroplast 

double membrane. It has been suggested that H2O2 can passively diffuse across 

membranes using channels formed by aquaporins (AQPs) [155]. Water and H2O2 

share similar physicochemical properties such as their dipole moment and surface 

charge distribution, which allow them to use the same AQPs [155, 156]. There are at 

least 4 AQPs in the chloroplast inner membrane [157]. However, one or more of 
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these will be CO2 channels that would not allow passage of water [158]. How much 

further the identification of an H2O2-accepting AQP should be taken is a moot point, 

since the disruption of AQP expression (e.g. by reverse genetic approaches) would 

disrupt water movement as well, leading to difficulties over the interpretation of 

experimental outcomes. Transit of H2O2 across the chloroplast outer membrane 

would be most likely occur passively through porins [159, 160], although to our 

knowledge no evidence has been presented to support this statement. 

Under conditions associated with PCD, such as in the innate immune 

response and when PET is perturbed then hollow tube-like structures termed 

stromules have been observed connecting chloroplasts to nuclei [161 - 163]. PCD is 

associated with rendered the stroma being much more oxidising leading to increased 

ROS production [162, 163]. There is evidence that proteins and H2O2 can transfer 

across to the nucleus though stromules and therefore the potential for retrograde 

signalling is clear [162, 164]. However, under moderate HL conditions which do not 

produce such drastic changes in the redox environment of the stroma, stromules 

were not observed [47]. One consideration could be that the HL exposures were no 

longer than one hour, while conditions which caused stromule formation took several 

hours to have an effect. Therefore, it is possible that direct chloroplast-nuclei 

associations transition to stromule-mediated connections as stress increases in 

severity and duration. This perhaps would allow a wider range of signalling 

molecules (including proteins) to be transferred to the nucleus as stress increases. 

Nevertheless, given that we observed no stromules under HL, we will not consider 

stromules further in this review. In other published time-lapse movies, stromules did 

not grow in the direction of the nucleus, so their role in plastid-nuclear 

communication may altogether be more indirect [165].  
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H2O2: The signalling messenger to the nucleus 

In HL-exposed cells, chloroplast-sourced H2O2 accumulates in the nucleus and 

triggers gene expression, thus initiating cellular responses to the changed light 

conditions [47]. In plants, very little is known about how the H2O2, once arrived in the 

nucleus, transduces the HL signal. At least two broad possibilities are discernible for 

how H2O2 may transduce the HL signal. H2O2 could either oxidise multiple redox-

sensitive regulatory proteins directly or oxidise an intermediate messenger(s) to relay 

oxidising equivalents to a target regulatory protein. For example, the plant 

transcription factors from the AP2/EREBP, bZIP TGA and HSF families have been 

proposed to undergo redox modifications and have been implicated in transcriptional 

responses to HL [138, 166 - 172].   

 The direct oxidation by H2O2 of regulatory proteins appears to be the norm in 

prokaryotes, exemplified by the induction of gene expression in Escherichia coli and 

Bacillus subtilis by the transcription factor oxyR and perR, respectively [173 - 175]. 

However, in eukaryotes this is generally considered not to be the way in which H2O2 

transduces its signals. Partly this is because of a multiplicity of H2O2-responsive 

networks and processes, begging the question of how specificity might be achieved, 

especially in the face of observed differential responses along intra- and intercellular 

gradients of H2O2 [144, 176, 177]. Protein kinases, protein phosphatases, 

proteasome components and transcription factors have been shown to possess 

redox-sensitive cysteine thiols from in vitro assays, including from plants [175]. 

Unfortunately, not many of these studies provided kinetic information that would 

allow an assessment of the likelihood of a direct oxidation of the protein by H2O2 in 

vivo [175]. Where kinetic measurements are available, rate constants of 101 -102 M-

1s-1 for reduction of H2O2 are typical, approximately 3-5 orders of magnitude lower 
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than antioxidant enzymes [175]. Furthermore, the cellular concentrations of 

antioxidant and ROS-scavenging enzymes are much greater than that of regulatory 

proteins and would win the competition for reacting with H2O2 [178]. For these 

reasons, direct modulation by H2O2 of regulatory proteins is considered unlikely. 

However, this assumption has been questioned [175]. Modelling of reactions of a 

redox-sensitive target protein with H2O2 by varying a range of kinetic parameters 

allowed a determination of the concentration of H2O2 required to achieve response 

times of 30s, 5 min and 60 min. If a slow response is required, measured in tens of 

minutes, then physiologically relevant micromolar concentrations of H2O2 could 

achieve some oxidation of a target protein, even in the face of a substantial cellular 

H2O2 scavenging capacity. In vitro, the Arabidopsis protein phosphatase ABI2 is 50% 

inhibited by 50µM H2O2 in the presence of 1-10 mM reduced glutathione [179] 

suggesting it could be a direct interactor with H2O2. However, even for this rare 

example from plants, ABI2 in vivo nevertheless may have a redox relay intermediary, 

GLUTATHIONE PEROXIDASE3 (GPX3), between it and H2O2 [180]. Clearly, the 

extent and duration of a H2O2 signal become critical factors to determine the 

likelihood of direct interactions between target regulatory proteins and H2O2.  The 

availability of quantitative in vivo H2O2 biosensors for plants [47, 181- 183] means a 

start can be made on answering this critical question. 

Redox relay signalling: A guide to future research on HL and H2O2 signalling? 

The alternative to direct oxidation by H2O2 of target regulatory proteins is that one or 

more intermediate proteins transfer oxidising equivalents in a series of linked redox 

relay reactions. The first description of such a system and still the paradigm to draw 

on is the yeast ORP1 – YAP1 module. This is where the induction of YAP1-mediated 

transcriptional responses to H2O2 is mediated by the transfer of oxidising equivalents 
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to the transcription factor YAP1 via transiently oxidised ORP1 [5, 178, 184, 185]. The 

key features of this system are that it is a 1-step relay and that ORP1 is a thiol 

peroxidase, hence its alternative name GLUTATHIONE PEROXIDASE3 (GPX3). 

This latter point is particularly important because thiol peroxidases, which include the 

GPXs and the peroxiredoxins (PRXs) are, in yeast, animal and plant cells, among 

the most abundant and potent of H2O2 and organic peroxide scavengers [178, 186 - 

189]. So how is it that one of their number, ORP1/GPX3, rather than carry out its 

normal catalytic role can instead also act as a carrier of oxidising equivalents? For 

this redox relay event to work, a second adaptor protein, YBP1, is required to bring 

together YAP1 and ORP1/GPX3. When these two proteins are in a complex with 

YBP1, electron transfer from H2O2 to YAP1 relayed via ORP1 is preferred over the 

latter’s peroxide scavenging role [190]. In addition, ORP1 is a scavenger of organic 

hydroperoxides but when complexed with YAP1 and YBP1 is definitely only a H2O2 

sensor, implying that the complex also alters the substrate specificity of ORP1 [191].  

Most, but not all, thiol peroxidases have a pair of catalytic redox active 

cysteine residues, the peroxidatic cysteine (CysP) and the resolving cysteine (CysR) 

[186, 192, 193]. In a “ping-pong” mechanism the transient formation of the sulfenic 

acid form of CysP (CysP-OH) occurs because of electron transfer to its substrate 

peroxide. The restoration of CysP to its thiol form completes the catalytic cycle [185]. 

This requires CysR and reducing equivalents, which would be from reduced 

glutathione (GSH), thioredoxin or glutaredoxin.  Changes in the structure of thiol 

peroxidases during this catalytic cycle occur such that CysP-OH becomes briefly 

surface exposed [185, 193], providing an opportunity for electron transfer from an 

interacting protein to occur. More recently, attention has switched to the PRX thiol 

peroxidases as redox relay proteins. The most compelling evidence shows that the 
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only deletion of all 5 PRX and 3 GPX genes in yeast, while still allowing a viable cell, 

completely blocks all transcriptional responses to exogenous H2O2 [194]. This clearly 

establishes the PRXs as well as GPXs as transducers of a H2O2 signal to what must 

be a multiplicity of target proteins. All PRXs have been shown to be able to transfer 

oxidising equivalents to redox(ro)GFP2 in vivo when tethered to it by a polypeptide 

linker and oxidised roGFP2 is then reduced, most likely, by glutaredoxin [178, 181, 

192]. Deletion of the CysR such as in the yeast TSA1 PRX does not impede its 

ability to act in a redox relay and the reduction-oxidation cycle of the TSA1 and 

roGFP2 moieties does not become blocked because of the cellular capacity to 

regenerate reduced roGFP2 [192]. This means that the rarer 1-CysPRX isoforms, 

which harbour the equivalent of only CysP [186, 195] could be involved in redox 

relay signalling.  

Various approaches linked to proteomics and structural bioinformatics have 

shown that there are several hundred proteins with redox-active cysteine thiols that 

would be capable of interacting with other proteins [196 - 199]. While some of these 

approaches have been questioned [178], nevertheless evidence has been presented 

pointing to several endogenous 1-step redox relay signaling pathways in bakers’ and 

fission yeast as well as more recently in animal cells [178, 185, 200]. Interestingly, 

PRXs in a number of organisms, including plants and algae, also display a circadian 

rhythm for the cellular levels of their oxidised and hyper-oxidised forms paralleling 

rhythms of their substrate peroxides [201]. However, this might also imply that there 

are regular periodic changes in the redox state and consequent activity of PRX-

target proteins which, in turn, promote or dampen circadian influences on some 

cellular processes. 



 

 
 

30

In plants, as in other eukaryotes, there are multiple isoforms of GPXs and 

PRXs that display considerable genetic redundancy. For example, in Arabidopsis, 

there are 12 PRX and 8 GPX isoforms [186].  Under HL conditions, the delivery of 

H2O2 directly to the nucleus and the possibility of H2O2 microdomains on the cytosol 

side of chloroplasts [47] would mean that considerations could perhaps be confined 

to thiol peroxidase isoforms in the cytosol and nucleus. However, it is clear specificity 

does exist in terms of response to a specific ROS because the loss of all 8 thiol 

peroxidase isoforms in yeast did not impede transcriptional responses to other 

distinct cellular redox changes [194]. The role of thiol peroxidases as signal 

transducers is depicted in Figure 2. 

One regulatory 1-step redox relay event in plants has been described as was 

mentioned above.  This is a GPX3-mediated oxidation of ABI2 in guard cells in 

response to ABA treatment [180]. ABA signaling involving ABI2 plays a role in HL-

responses the bundle sheath cells of Arabidopsis leaves [45, 104]. However, no 

impact of a GPX3 null mutant could be discerned in the HL responses of Arabidopsis 

[45]. In general, this observation on the ABI2 and GPX3 relationship remains a single 

example even though it has been over a decade since the original report.   

Thiol peroxidases involved in redox relay could interact with regulatory proteins 

directly and different isoforms would have a cohort of different target proteins. 

However, the genetic redundancy among GPX and PRX genes suggest that this 

may not be likely.  Alternatively, target regulatory proteins and a thiol peroxidase 

isoform could be part of a quaternary regulatory complex that includes one or more 

scaffold or adaptor proteins that would impose the necessary specificity. 

Furthermore, as with YAP1/ORP1/YBP1 relationship, the bringing of all components 

together into proximity would create the environment necessary for the thiol 
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peroxidase to act as a redox relay. This seems to us to be a promising line of enquiry 

for future research on HL signaling and could be a fruitful starting point to unpick the 

underlying transcription regulation.  

Experimental problems potentially increase when redox relays are 2 or more 

steps, with a distributed transmission of oxidizing equivalents to a range of target 

proteins. One report has shown the transduction of a H2O2 signal to 

PHOSPHOLIPASE D∂ (PLD∂) mediated by CYTOSOLIC GLYCERALDEHYDE-3-

PHOSPHATE DEHYDROGENASE isoforms, GAPC1 and GAPC2, during ABA-

initiated stomatal closure. In vitro, H2O2 promoted GAPC1/2 and PLD∂ interaction 

and increased PLD∂ activity [202]. In vivo, it would seem reasonable to suppose that 

H2O2 signalling could be mediated by a redox relay step to the GAPC isoforms. If 

this were to be the case, then this would be a clear example of a 2-step redox relay 

regulatory event in plants. If multiple step redox relay is prevalent in plants’ 

responses to ROS and HL, then the research challenge becomes even more 

complex and should perhaps rely on methods of network inference by computational 

methods drawing on protein-protein interaction data, binary and time series 

transcriptomics data backed with metabolic and physiological data [123, 203 - 206].  

In summary, the prospects for making progress on dissecting ROS-mediated 

HL signaling from chloroplasts to the nucleus are good. There are several 

increasingly powerful experimental tools available to researchers, most notable of 

which are in vivo fluorescent protein biosensors and other bio-imaging methods, 

increasingly sophisticated proteomics- and transcriptomics-based approaches, 

coupled with facile and flexible transient expression in leaves by agro-infection, 

which dramatically lowers the time taken to carry out a comprehensive molecular 

genetic dissection of signaling. This means that signaling studies around HL (and 
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other plant-environment interactions), ROS and chloroplasts can take its place 

alongside the pioneering work being done in yeast and animal cell systems. This 

should benefit all researchers, not just those of a green disposition.  

A final word- phototoxicity in mammalian cells and what it tells us about 

retrograde signalling  

Direct comparisons between plant and mammalian systems are necessarily fraught 

with concessions. At first sight, mammalian systems have no HL studies per se, as 

only small subsets of mammalian cells are subjected to light. But by casting the net 

wider, we can draw insight from several different fields. Much initial knowledge of 

how light affects mammalian cells stems from the study of dermatological 

phototoxicity [207]. By contrast, photodynamic therapy seeks to exploit the ample 

generation of a range of ROS through illumination and selective photosensitizers in 

order to destroy abnormal cells. Consequently, this field is also a rich source for 

studies of localised ROS damage to cell populations, tissues and organs [6, 208]. A 

third field has emerged with the wide-spread use of fluorescence microscopy, which 

relies on fluorescent proteins or dyes which in their excited state produce ROS, 

damaging chemical structure and biological function of proximal biomolecules. This 

type of phototoxicity (or more precisely fluorotoxicity) has important methodological 

consequences, as it is a serious constraint in live imaging, and low-light microscopy 

techniques are often less damaging than those using HL intensities [209].  

Comparing studies in these diverse fields can be used to establish the similarities 

and discrepancies between different kingdoms to cope with, as well as exploit, ROS. 

This may reveal broadly applicable strategies, but is also certain to be complicated 

by significantly different responses and tolerances to illumination not only within the 

same kingdom, but even within the same family, species or cell line. For example, 
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the human HeLa cell line is 5-7 times more resistant to photodamage than COS-7 

and U2OS cells [210]. Even within the same cell line, subcellular localization of the 

fluorophore can significantly change photodamage threshold levels, as 1O2 close to 

lipids has a lifetime about twice that in aqueous conditions. Therefore, at the cellular 

level many of the interactions with light, both animal and plant cells may have more 

commonality than at first sight becomes apparent. Figure 3 illustrates this. Thus, 

carrying out a comparison of the responses to irradiation of the photosynthetic and 

non-photosynthetic eukaryotes can be a fruitful line of study united by the 

opportunities and limitations imposed by ROS produced in response to irradiation.  

 

Fig. 3   A (non-exhaustive) overview of shared and different characteristics 

between plant and animal ROS regulation mechanisms, organelles and 

research fields.  

ACKNOWLEDGEMENTS 

This work was supported by the UK Biotechnology and Biological Sciences 

Research Council grant numbers BB/I020071/1 and BB/P026656/1 to PMM and NS. 



 

 
 

34

 

REFERENCES 

[1] R.M. Larkin, M.E. Ruckle, Integration of light and plastid signals, Curr. Opin. 
Plant Biol. 11 (2008) 593–599. doi:10.1016/j.pbi.2008.10.004. 

[2] M.J. Terry, A.G. Smith, A model for tetrapyrrole synthesis as the primary 
mechanism for plastid-to-nucleus signaling during chloroplast biogenesis., 
Front. Plant Sci. 4 (2013) 14. doi:10.3389/fpls.2013.00014. 

[3] A.D.N.J. De Grey, HO2*: the forgotten radical, DNA Cell Biol. 21 (2002) 251–7. 
doi:10.1089/104454902753759672. 

[4] G.G. Kramarenko, S.G. Hummel, S.M. Martin, G.R. Buettner, Ascorbate reacts 
with singlet oxygen to produce hydrogen peroxide, Photochem. Photobiol. 82 
(2006) 1634. doi:10.1562/2006-01-12-RN-774. 

[5] B. D’Autréaux, M.B. Toledano, ROS as signalling molecules: mechanisms that 
generate specificity in ROS homeostasis, Nat. Rev. Mol. Cell Biol. 8 (2007) 
813–24. doi:10.1038/nrm2256. 

[6] A.P. Wojtovich, T.H. Foster, Optogenetic control of ROS production, Redox 
Biol. 2 (2014) 368–376. doi:10.1016/j.redox.2014.01.019. 

[7] C. Laloi, M. Havaux, Key players of singlet oxygen-induced cell death in 
plants, Front. Plant Sci. 6 (2015) 39. doi:10.3389/fpls.2015.00039. 

[8] W.W.A. Pryor, K.K.N. Houk, C.S. Foote, J.M. Fukuto, L.J. Ignarro, G.L. 
Squadrito, K.J.A. Davies, Free radical biology and medicine: it’s a gas, man!, 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 291 (2006) R491-511. 
doi:10.1152/ajpregu.00614.2005. 

[9] C.C. Winterbourn, Reconciling the chemistry and biology of reactive oxygen 
species, Nat. Chem. Biol. 4 (2008) 278–286. doi:10.1038/nchembio.85. 

[10] R. Hopkins, Superoxide in biology and medicine: An overview, React. Oxyg. 
Species. 1 (2016) 99–109. doi:10.20455/ros.2016.825. 

[11] S.J. Stohs, D. Bagchi, Oxidative mechanisms in the toxicity of metal ions, Free 
Radic. Biol. Med. 18 (1995) 321–336. doi:10.1016/0891-5849(94)00159-H. 

[12] S. Huang, O. Van Aken, M. Schwarzländer, K. Belt, A.H. Millar, The roles of 
mitochondrial reactive oxygen species in cellular signaling and stress response 
in plants, Plant Physiol. 171 (2016) 1551–1559. doi:10.1104/pp.16.00166. 

[13] C.F. Amábile-Cuevas, B. Demple, Molecular characterization of the soxRS 
genes of Escherichia coli : Two genes control a superoxide stress regulon, 
Nucleic Acids Res. 19 (1991) 4479–4484. doi:10.1093/nar/19.16.4479. 

[14] D.R. Gough, T.G. Cotter, Hydrogen peroxide: a Jekyll and Hyde signalling 
molecule, Cell Death Dis. 2 (2011) e213. doi:10.1038/cddis.2011.96. 

[15] C.C. Winterbourn, The biological chemistry of hydrogen peroxide, in: Methods 
Enzymol., 2013: pp. 3–25. doi:10.1016/B978-0-12-405881-1.00001-X. 

[16] C.H. Foyer, G. Noctor, Stress-triggered redox signalling: What’s in 
pROSpect?, Plant, Cell Environ. 39 (2016) 951–964. doi:10.1111/pce.12621. 



 

 
 

35

[17] A. Krieger-Liszkay, Singlet oxygen production in photosynthesis, J. Exp. Bot. 
56 (2005) 337–346. doi:10.1093/jxb/erh237. 

[18] L.-O. Klotz, K.-D. Kröncke, H. Sies, Singlet oxygen-induced signaling effects in 
mammalian cells, Photochem. Photobiol. Sci. 2 (2003) 88–94. 
doi:10.1039/B210750C. 

[19] B.B. Fischer, A. Krieger-Liszkay, É. Hideg, I. Šnyrychová, M. Wiesendanger, 
R.I.L. Eggen, Role of singlet oxygen in chloroplast to nucleus retrograde 
signaling in Chlamydomonas reinhardtii, FEBS Lett. 581 (2007) 5555–5560. 
doi:10.1016/j.febslet.2007.11.003. 

[20] E.H. Murchie, Safety conscious or living dangerously: what is the “right” level 
of plant photoprotection for fitness and productivity?, Plant. Cell Environ. 40 
(2017) 1239–1242. doi:10.1111/pce.12965. 

[21] M.J. Fryer, J.R. Andrews, K. Oxborough, D.A. Blowers, N.R. Baker, 
Relationship between CO2 assimilation, photosynthetic electron transport, and 
active O2 metabolism in leaves of maize in the field during periods of low 
temperature, Plant Physiol. 116 (1998) 571–580. doi:10.1104/pp.116.2.571. 

[22] D. Launholt, T. Merkle, A. Houben, A. Schulz, K.D. Grasser, Arabidopsis 
chromatin-associated HMGA and HMGB use different nuclear targeting signals 
and display highly dynamic localization within the nucleus, Plant Cell 18 (2006) 
2904–18. doi:10.1105/tpc.106.047274. 

[23] C. Triantaphylidès, M. Havaux, Singlet oxygen in plants: production, 
detoxification and signaling, Trends Plant Sci. 14 (2009) 219–228. 
doi:10.1016/j.tplants.2009.01.008. 

[24] C. Triantaphylides, M. Krischke, F.A. Hoeberichts, B. Ksas, G. Gresser, M. 
Havaux, F. Van Breusegem, M.J. Mueller, Singlet oxygen is the major reactive 
oxygen species involved in photooxidative damage to plants, Plant Physiol. 
148 (2008) 960–968. doi:10.1104/pp.108.125690. 

[25] A. Ouchi, K. Aizawa, Y. Iwasaki, T. Inakuma, J. Terao, S. Nagaoka, K. Mukai, 
Kinetic study of the quenching reaction of singlet oxygen by carotenoids and 
food extracts in solution. Development of a singlet oxygen absorption capacity 
(SOAC) assay method, J. Agric. Food Chem. 58 (2010) 9967–9978. 
doi:10.1021/jf101947a. 

[26] F. Ramel, S. Birtic, C. Ginies, L. Soubigou-Taconnat, C. Triantaphylidès, M. 
Havaux, Carotenoid oxidation products are stress signals that mediate gene 
responses to singlet oxygen in plants, Proc. Natl. Acad. Sci. 109 (2012) 5535–
5540. doi:10.1073/pnas.1115982109. 

[27] A.N. Onyango, Endogenous generation of singlet oxygen and ozone in human 
and animal tissues: Mechanisms, biological significance, and influence of 
dietary components, Oxid. Med. Cell. Longev. 2016 (2016) 1–22. 
doi:10.1155/2016/2398573. 

[28] E. Améras, S. Stolz, S. Vollenweider, P. Reymond, L. Mène-Saffrané, E.E. 
Farmer, Reactive electrophile species activate defense gene expression in 
Arabidopsis, Plant J. 34 (2003) 205–216. doi:10.1046/j.1365-
313X.2003.01718.x. 



 

 
 

36

[29] K.K. Niyogi, T.B. Truong, Evolution of flexible non-photochemical quenching 
mechanisms that regulate light harvesting in oxygenic photosynthesis, Curr. 
Opin. Plant Biol. 16 (2013) 307–314. doi:10.1016/j.pbi.2013.03.011. 

[30] P. Muller, Non-Photochemical Quenching. A Response to Excess Light 
Energy, Plant Physiol. 125 (2001) 1558–1566. doi:10.1104/pp.125.4.1558. 

[31] K. Athanasiou, B.C. Dyson, R.E. Webster, G.N. Johnson, Dynamic acclimation 
of photosynthesis increases plant fitness in changing environments, Plant 
Physiol. 152 (2010) 366–373. doi:10.1104/pp.109.149351. 

[32] J. Nogales, S. Gudmundsson, E.M. Knight, B.O. Palsson, I. Thiele, Detailing 
the optimality of photosynthesis in cyanobacteria through systems biology 
analysis, Proc. Natl. Acad. Sci. 109 (2012) 2678–2683. 
doi:10.1073/pnas.1117907109. 

[33] K. Asada, The water-water cycle in chloroplasts: Scavenging of active oxygens 
and dissipation of excess photons, Annu. Rev. Plant Physiol. Plant Mol. Biol. 
50 (1999) 601–639. doi:10.1146/annurev.arplant.50.1.601. 

[34] G. Curien, S. Flori, V. Villanova, L. Magneschi, C. Giustini, G. Forti, M. 
Matringe, D. Petroutsos, M. Kuntz, G. Finazzi, The water to water cycles in 
microalgae, Plant Cell Physiol. 57 (2016) 1354–1363. 
doi:10.1093/pcp/pcw048. 

[35] P.J. Gollan, M. Tikkanen, E.M. Aro, Photosynthetic light reactions: Integral to 
chloroplast retrograde signalling, Curr. Opin. Plant Biol. 27 (2015) 180–191. 
doi:10.1016/j.pbi.2015.07.006. 

[36] J. Waring, M. Klenell, U. Bechtold, G.J.C. Underwood, N.R. Baker, Light-
induced responses of oxygen photoreduction, reactive oxygen species 
production and scavenging in two diatom species, J. Phycol. 46 (2010) 1206–
1217. doi:10.1111/j.1529-8817.2010.00919.x. 

[37] M. Shirao, S. Kuroki, K. Kaneko, Y. Kinjo, M. Tsuyama, B. Förster, S. 
Takahashi, M.R. Badger, Gymnosperms have increased capacity for electron 
leakage to oxygen (Mehler and PTOX reactions) in photosynthesis compared 
with angiosperms, Plant Cell Physiol. 54 (2013) 1152–1163. 
doi:10.1093/pcp/pct066. 

[38] Y. Helman, D. Tchernov, L. Reinhold, M. Shibata, T. Ogawa, R. Schwarz, I. 
Ohad, A. Kaplan, Genes encoding A-type flavoproteins are essential for 
photoreduction of O2 in cyanobacteria, Curr. Biol. 13 (2003) 230–235. 
doi:10.1016/S0960-9822(03)00046-0. 

[39] J.B. Vicente, M.A. Carrondo, M. Teixeira, C. Frazão, Structural studies on 
flavodiiron proteins, Methods Enzymol. 437 (2008) 3–19. doi:10.1016/S0076-
6879(07)37001-8. 

[40] M.R. Badger, S. von Caemmerer, S. Ruuska, H. Nakano, Electron flow to 
oxygen in higher plants and algae: rates and control of direct photoreduction 
(Mehler reaction) and rubisco oxygenase, Philos. Trans. R. Soc. B Biol. Sci. 
355 (2000) 1433–1446. doi:10.1098/rstb.2000.0704. 

[41] S.M. Driever, N.R. Baker, The water-water cycle in leaves is not a major 
alternative electron sink for dissipation of excess excitation energy when CO2 



 

 
 

37

assimilation is restricted, Plant, Cell Environ. 34 (2011) 837–846. 
doi:10.1111/j.1365-3040.2011.02288.x. 

[42] M.J. Fryer, L. Ball, K. Oxborough, S. Karpinski, P.M. Mullineaux, N.R. Baker, 
Control of ascorbate peroxidase 2 expression by hydrogen peroxide and leaf 
water status during excess light stress reveals a functional organisation of 
Arabidopsis leaves, Plant J. 33 (2003) 691–705. doi:10.1046/j.1365-
313X.2003.01656.x. 

[43] T. Jabs, R.A. Dietrich, J.L. Dangl, Initiation of runaway cell death in an 
Arabidopsis mutant by extracellular superoxide, Science 273 (1996) 1853–
1856. doi:10.1126/science.273.5283.1853. 

[44] G. Galvez-Valdivieso, P.M. Mullineaux, The role of reactive oxygen species in 
signalling from chloroplasts to the nucleus, Physiol. Plant. 138 (2010) 430–
439. doi:10.1111/j.1399-3054.2009.01331.x. 

[45] M. Gorecka, R. Alvarez-Fernandez, K. Slattery, L. McAusland, P.A. Davey, S. 
Karpinski, T. Lawson, P.M. Mullineaux, Abscisic acid signalling determines 
susceptibility of bundle sheath cells to photoinhibition in high light-exposed 
Arabidopsis leaves, Philos. Trans. R. Soc. B Biol. Sci. 369 (2014) 20130234–
20130234. doi:10.1098/rstb.2013.0234. 

[46] L. Ball, G.-P. Accotto, U. Bechtold, G. Creissen, D. Funck, A. Jimenez, B. 
Kular, N. Leyland, J. Meijia-Carranza, H. Reynolds, S. Karpinski, P. 
Mullineaux, Evidence for a direct link between glutathione biosynthesis and 
stress defense gene expression in Arabidopsis, Plant Cell 16 (2004) 2448–
2462. doi:10.1105/tpc.104.022608. 

[47] M. Exposito-Rodriguez, P.P. Laissue, G. Yvon-Durocher, N. Smirnoff, P.M. 
Mullineaux, Photosynthesis-dependent H2O2 transfer from chloroplasts to 
nuclei provides a high-light signalling mechanism, Nat Commun. 8 (2017) 4. 
doi:10.1038/s41467-017-00074-w. 

[48] D. Wagner, D. Przybyla, R. op den Camp, C. Kim, F. Landgraf, K.P. Lee, M. 
Wursch, C. Laloi, M. Nater, E. Hideg, K. Apel, The genetic basis of singlet 
oxygen-induced stress responses of Arabidopsis thaliana, Science 306 (2004) 
1183–1185. doi:10.1126/science.1103178. 

[49] C. Flors, M.J. Fryer, J. Waring, B. Reeder, U. Bechtold, P.M. Mullineaux, S. 
Nonell, M.T. Wilson, N.R. Baker, Imaging the production of singlet oxygen in 
vivo using a new fluorescent sensor, Singlet Oxygen Sensor Green®, J. Exp. 
Bot. 57 (2006) 1725–1734. doi:10.1093/jxb/erj181. 

[50] P. Cardol, B. Bailleul, F. Rappaport, E. Derelle, D. Béal, C. Breyton, S. Bailey, 
F.A. Wollman, A. Grossman, H. Moreau, G. Finazzi, An original adaptation of 
photosynthesis in the marine green alga Ostreococcus, Proc. Natl. Acad. Sci. 
U. S. A. 105 (2008) 7881–7886. doi:10.1073/pnas.0802762105. 

[51] A. Krieger-Liszkay, K. Feilke, The Dual Role of the Plastid Terminal Oxidase 
PTOX: Between a Protective and a Pro-oxidant Function, Front. Plant Sci. 6 
(2015) 1147. doi:10.3389/fpls.2015.01147. 

[52] A.E. McDonald, A.G. Ivanov, R. Bode, D.P. Maxwell, S.R. Rodermel, N.P.A. 
Hüner, Flexibility in photosynthetic electron transport: The physiological role of 
plastoquinol terminal oxidase (PTOX), Biochim. Biophys. Acta - Bioenerg. 



 

 
 

38

1807 (2011) 954–967. doi:10.1016/j.bbabio.2010.10.024. 

[53] E. Heyno, C.M. Gross, C. Laureau, M. Culcasi, S. Pietri, A. Krieger-Liszky, 
Plastid alternative oxidase (PTOX) promotes oxidative stress when 
overexpressed in tobacco, J. Biol. Chem. 284 (2009) 31174–31180. 
doi:10.1074/jbc.M109.021667. 

[54] M. Díaz, V. De Haro, R. Muñoz, M.J. Quiles, Chlororespiration is involved in 
the adaptation of Brassica plants to heat and high light intensity, Plant, Cell 
Environ. 30 (2007) 1578–1585. doi:10.1111/j.1365-3040.2007.01735.x. 

[55] D. Wu, D.A. Wright, C. Wetzel, V. D.F., S. Rodermel, The IMMUTANS 
variegation locus of Arabidopsis defines a mitochondrial alternative oxidase 
homolog that functions during early chloroplast biogenesis, Plant Cell 11 
(1999) 43–56. doi:10.1105/tpc.11.1.43. 

[56] G. Peltier, L. Cournac, Chlororespiration, Annu. Rev. Plant Biol. 53 (2002) 
523–550. doi:10.1146/annurev.arplant.53.100301.135242. 

[57] L. Cournac, E.M. Josse, T. Joët, D. Rumeau, K. Redding, M. Kuntz, G. Peltier, 
Flexibility in photosynthetic electron transport: a newly identified chloroplast 
oxidase involved in chlororespiration, Philos. Trans. R. Soc. Lond. B. Biol. Sci. 
355 (2000) 1447–1454. doi:10.1098/rstb.2000.0705. 

[58] Y. Dellero, M. Jossier, J. Schmitz, V.G. Maurino, M. Hodges, Photorespiratory 
glycolate – glyoxylate metabolism, J. Exp. Bot. 67 (2017) 3041–3052. 
doi:10.1093/jxb/erw090. 

[59] L.M. Sandalio, M.C. Romero-Puertas, Peroxisomes sense and respond to 
environmental cues by regulating ROS and RNS signalling networks, Ann. Bot. 
116 (2015) 475–485. doi:10.1093/aob/mcv074. 

[60] B.J. Walker, A. VanLoocke, C.J. Bernacchi, D.R. Ort, The costs of 
photorespiration to food production now and in the future, Annu. Rev. Plant 
Biol. 67 (2016) 107–129. doi:10.1146/annurev-arplant-043015-111709. 

[61] R. Douce, M. Neuburger, Biochemical dissection of photorespiration, Curr. 
Opin. Plant Biol. 2 (1999) 214–222. doi:10.1016/S1369-5266(99)80038-7. 

[62] X.-G. Zhu, S.P. Long, D.R. Ort, Improving photosynthetic efficiency for greater 
yield, Annu. Rev. Plant Biol. 61 (2010) 235–261. doi:10.1146/annurev-arplant-
042809-112206. 

[63] S. Vandenabeele, S. Vanderauwera, M. Vuylsteke, S. Rombauts, C. 
Langebartels, H.K. Seidlitz, M. Zabeau, M. Van Montagu, D. Inzé, F. Van 
Breusegem, Catalase deficiency drastically affects gene expression induced 
by high light in Arabidopsis thaliana, Plant J. 39 (2004) 45–58. 
doi:10.1111/j.1365-313X.2004.02105.x. 

[64] S. Vanderauwera, N. Suzuki, G. Miller, B. van de Cotte, S. Morsa, J.-L. 
Ravanat, A. Hegie, C. Triantaphylidès, V. Shulaev, M.C.E. Van Montagu, F. 
Van Breusegem, R. Mittler, Extranuclear protection of chromosomal DNA from 
oxidative stress, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 1711–6. 
doi:10.1073/pnas.1018359108. 

[65] J.F. Dat, R. Pellinen, T. Beeckman, B. Van De Cotte, C. Langebartels, J. 



 

 
 

39

Kangasjärvi, D. Inzé, F. Van Breusegem, Changes in hydrogen peroxide 
homeostasis trigger an active cell death process in tobacco, Plant J. 33 (2003) 
621–632. doi:10.1046/j.1365-313X.2003.01655.x. 

[66] S. Vandenabeele, K. Van Der Kelen, J. Dat, I. Gadjev, T. Boonefaes, S. 
Morsa, F. Van Breusegem, P. Rottiers, L. Slooten, M. Van Montagu, M. 
Zabeau, D. Inzé, A comprehensive analysis of hydrogen peroxide-induced 
gene expression in tobacco, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 16113–
16118. 

[67] S. Vandenabeele, S. Vanderauwera, P. Zimmermann, F. Van Breusegem, C. 
Langebartels, W. Gruissem, D. Inze, genome-wide analysis of hydrogen 
peroxide-regulated gene expression in Arabidopsis reveals a high light-
induced transcriptional cluster involved in anthocyanin biosynthesis, Plant 
Physiol. 139 (2005) 806–821. doi:10.1104/pp.105.065896.plants. 

[68] I. Gadjev, S. Vanderauwera, T.S. Gechev, C. Laloi, I.N. Minkov, V. Shulaev, K. 
Apel, D. Inzé, R. Mittler, F. Van Breusegem, Transcriptomic footprints disclose 
specificity of reactive oxygen species signaling in Arabidopsis, Plant Physiol. 
141 (2006) 436–445. doi:10.1104/pp.106.078717. 

[69] M.R. Straus, S. Rietz, E. Ver Loren Van Themaat, M. Bartsch, J.E. Parker, 
Salicylic acid antagonism of EDS1-driven cell death is important for immune 
and oxidative stress responses in Arabidopsis, Plant J. 62 (2010) 628–640. 
doi:10.1111/j.1365-313X.2010.04178.x. 

[70] P.M. Mullineaux, N.R. Baker, Oxidative stress: Antagonistic signaling for 
acclimation or cell death?, Plant Physiol. 154 (2010). 
doi:10.1104/pp.110.161406. 

[71] P. Muhlenbock, M. Szechynska-Hebda, M. Plaszczyca, M. Baudo, A. Mateo, 
P.M. Mullineaux, J.E. Parker, B. Karpinska, S. Karpinski, Chloroplast Signaling 
and LESION SIMULATING DISEASE1 regulate crosstalk between light 
acclimation and immunity in Arabidopsis, Plant Cell 20 (2008) 2339–2356. 
doi:10.1105/tpc.108.059618. 

[72] U. Bechtold, S. Karpinski, P.M. Mullineaux, The influence of the light 
environment and photosynthesis on oxidative signalling responses in plant-
biotrophic pathogen interactions, Plant, Cell Environ. 28 (2005) 1046–1055. 
doi:10.1111/j.1365-3040.2005.01340.x. 

[73] M.P. Murphy, How mitochondria produce reactive oxygen species, Biochem. J. 
417 (2009) 1–13. doi:10.1042/BJ20081386. 

[74] O. Van Aken, J. Whelan, Comparison of transcriptional changes to chloroplast 
and mitochondrial perturbations reveals common and specific responses in 
Arabidopsis, Front. Plant Sci. 3 (2012) 1–18. doi:10.3389/fpls.2012.00281. 

[75] K.O. Noguchi, N.L. Taylor, A.H. Millar, H. Lambers, D.A. Day, Response of 
mitochondria to light intensity in the leaves of sun and shade species, Plant, 
Cell Environ. 28 (2005) 760–771. doi:10.1111/j.1365-3040.2005.01322.x. 

[76] K. Yoshida, I. Terashima, K. Noguchi, How and why does the mitochondrial 
respiratory chain respond to light?, Plant Signal. Behav. 6 (2011) 864–866. 
doi:10.4161/psb.6.6.15224. 



 

 
 

40

[77] I.M. Møller, Electron transport, NADPH turnover, and metabolism of reactive 
oxygen species, Annu. Rev. Plant Physiol. Plant Mol. Biol. 52 (2001) 561–591. 
doi:10.1146/annurev.arplant.52.1.561. 

[78] K. Yoshida, I. Terashima, K. Noguchi, Up-regulation of mitochondrial 
alternative oxidase concomitant with chloroplast over-reduction by excess 
light, Plant Cell Physiol. 48 (2007) 606–614. doi:10.1093/pcp/pcm033. 

[79] P. Agostinis, A. Vantieghem, W. Merlevede, P.A.M. de Witte, Hypericin in 
cancer treatment: more light on the way, Int. J. Biochem. Cell Biol. 34 (2002) 
221–241. 

[80] J.F. Turrens, Mitochondrial formation of reactive oxygen species, J. Physiol. 
552 (2003) 335–344. doi:10.1113/jphysiol.2003.049478. 

[81] A.Y. Andreyev, Y.E. Kushnareva, A.A. Starkov, Mitochondrial metabolism of 
reactive oxygen species, Biochem. 70 (2005) 200–214. 

[82] N.S. Chandel, E. Maltepe, E. Goldwasser, C.E. Mathieu, M.C. Simon, P.T. 
Schumacker, Mitochondrial reactive oxygen species trigger hypoxia-induced 
transcription, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 11715–11720. 

[83] S.M. Jazwinski, The retrograde response: When mitochondrial quality control 
is not enough, Biochim. Biophys. Acta - Mol. Cell Res. 1833 (2013) 400–409. 
doi:10.1016/j.bbamcr.2012.02.010. 

[84] F.M. da Cunha, N.Q. Torelli, A.J. Kowaltowski, Mitochondrial retrograde 
signaling: Triggers, pathways, and outcomes, Oxid. Med. Cell. Longev. 2015 
(2015) 1–10. doi:10.1155/2015/482582. 

[85] Y. Wang, Y. Nartiss, B. Steipe, G.A. McQuibban, P.K. Kim, ROS-induced 
mitochondrial depolarization initiates PARK2/PARKIN-dependent 
mitochondrial degradation by autophagy, Autophagy 8 (2012) 1462–1476. 
doi:10.4161/auto.21211. 

[86] Y. Collins, E.T. Chouchani, A.M. James, K.E. Menger, H.M. Cochemé, M.P. 
Murphy, Mitochondrial redox signalling at a glance, J. Cell Sci. 125 (2012) 
801–806. doi:10.1242/jcs.098475. 

[87] S.S. Sabharwal, P.T. Schumacker, Mitochondrial ROS in cancer: initiators, 
amplifiers or an Achilles’ heel?, Nat. Rev. Cancer. 14 (2014) 709–721. 
doi:10.1038/nrc3803. 

[88] F. Di Lisa, R. Menabò, M. Canton, M. Barile, P. Bernardi, Opening of the 
mitochondrial permeability transition pore causes depletion of mitochondrial 
and cytosolic NAD+ and is a causative event in the death of myocytes in 
postischemic reperfusion of the heart, J. Biol. Chem. 276 (2001) 2571–2575. 
doi:10.1074/jbc.M006825200. 

[89] W. Dröge, Free radicals in the physiological control of cell function, Physiol. 
Rev. 82 (2002) 47–95. doi:10.1152/physrev.00018.2001. 

[90] D.B. Zorov, M. Juhaszova, S.J. Sollott, Mitochondrial reactive oxygen species 
(ROS) and ROS-induced ROS release, Physiol. Rev. 94 (2014) 909–50. 
doi:10.1152/physrev.00026.2013. 

[91] M. Ferrand-Drake, H. Friberg, T. Wieloch, Mitochondrial permeability transition 



 

 
 

41

induced DNA-fragmentation in the rat hippocampus following hypoglycemia, 
Neuroscience 90 (1999) 1325–1338. 

[92] T.-I. Peng, P.-R. Yu, J.-Y. Chen, H.-L. Wang, H.-Y. Wu, Y.-H. Wei, M.-J. Jou, 
Visualizing common deletion of mitochondrial DNA-augmented mitochondrial 
reactive oxygen species generation and apoptosis upon oxidative stress, 
Biochim. Biophys. Acta. 1762 (2006) 241–255. 
doi:10.1016/j.bbadis.2005.10.008. 

[93] A. King, E. Gottlieb, D.G. Brooks, M.P. Murphy, J.L. Dunaief, Mitochondria-
derived reactive oxygen species mediate blue light-induced death of retinal 
pigment epithelial cells., Photochem. Photobiol. 79 (2004) 470–475. 

[94] L.Y.L. Cheng, L. Packer, Photodamage to hepatocytes by visible light, FEBS 
Lett. 97 (1979) 124–128. doi:10.1016/0014-5793(79)80066-6. 

[95] Q. Chen, E.J. Vazquez, S. Moghaddas, C.L. Hoppel, E.J. Lesnefsky, 
Production of reactive oxygen species by mitochondria: central role of complex 
III, J. Biol. Chem. 278 (2003) 36027–31. doi:10.1074/jbc.M304854200. 

[96] L. Kussmaul, J. Hirst, The mechanism of superoxide production by 
NADH:ubiquinone oxidoreductase (complex I) from bovine heart mitochondria, 
Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 7607–7612. 
doi:10.1073/pnas.0510977103. 

[97] S. Grimm, The ER-mitochondria interface: the social network of cell death, 
Biochim. Biophys. Acta. 1823 (2012) 327–334. 
doi:10.1016/j.bbamcr.2011.11.018. 

[98] S. Marchi, S. Patergnani, P. Pinton, The endoplasmic reticulum-mitochondria 
connection: one touch, multiple functions., Biochim. Biophys. Acta. 1837 
(2014) 461–469. doi:10.1016/j.bbabio.2013.10.015. 

[99] L. V. Bindschedler, J. Dewdney, K.A. Blee, J.M. Stone, T. Asai, J. Plotnikov, C. 
Denoux, T. Hayes, C. Gerrish, D.R. Davies, F.M. Ausubel, G.P. Bolwell, 
Peroxidase-dependent apoplastic oxidative burst in Arabidopsis required for 
pathogen resistance, Plant J. 47 (2006) 851–863. doi:10.1111/j.1365-
313X.2006.02837.x. 

[100] H. Dittrich, T.M. Kutchan, Molecular cloning, expression, and induction of 
berberine bridge enzyme, an enzyme essential to the formation of 
benzophenanthridine alkaloids in the response of plants to pathogenic attack, 
Proc. Natl. Acad. Sci. 88 (1991) 9969–9973. doi:10.1073/pnas.88.22.9969. 

[101] U. Bechtold, T. Lawson, J. Mejia-Carranza, R.C. Meyer, I.R. Brown, T. 
Altmann, J. Ton, P.M. Mullineaux, Constitutive salicylic acid defences do not 
compromise seed yield, drought tolerance and water productivity in the 
Arabidopsis accession C24, Plant. Cell Environ. 33 (2010) 1959–1973. 
doi:10.1111/j.1365-3040.2010.02198.x. 

[102] T. Laitinen, K. Morreel, N. Delhomme, A. Gauthier, B. Schiffthaler, K. Nickolov, 
G. Brader, K.-J. Lim, T.H. Teeri, N.R. Street, W. Boerjan, A. Kärkönen, A key 
role for Apoplastic H2O2 in Norway Spruce phenolic metabolism, Plant Physiol. 
174 (2017) 1449–1475. doi:10.1104/pp.17.00085. 

[103] J.M. Kwak, I.C. Mori, Z.-M. Pei, N. Leonhardt, M.A. Torres, J.L. Dangl, R.E. 



 

 
 

42

Bloom, S. Bodde, J.D.G. Jones, J.I. Schroeder, NADPH oxidase AtrbohD and 
AtrbohF genes function in ROS-dependent ABA signaling in Arabidopsis, 
EMBO J. 22 (2003) 2623–33. doi:10.1093/emboj/cdg277. 

[104] G. Galvez-Valdivieso, M.J. Fryer, T. Lawson, K. Slattery, W. Truman, N. 
Smirnoff, T. Asami, W.J. Davies, A.M. Jones, N.R. Baker, P.M. Mullineaux, 
The high light response in Arabidopsis involves ABA signaling between 
vascular and bundle sheath cells, Plant Cell. 21 (2009) 2143–62. 
doi:10.1105/tpc.108.061507. 

[105] S.R. Cutler, P.L. Rodriguez, R.R. Finkelstein, S.R. Abrams, Abscisic acid: 
Emergence of a core signaling network, Annu. Rev. Plant Biol. 61 (2010) 651-
679. doi:10.1146/annurev-arplant-042809-112122. 

[106] G. Galvez-Valdivieso, M.J. Fryer, T. Lawson, K. Slattery, W. Truman, N. 
Smirnoff, T. Asami, W.J. Davies, A.M. Jones, N.R. Baker, P.M. Mullineaux, 
The high light response in Arabidopsis involves aba signaling between 
vascular and bundle sheath cells, Plant Cell 21 (2009) 2143–2162. 
doi:10.1105/tpc.108.061507. 

[107] S. Karpinski, H. Reynolds, B. Karpinska, G. Wingsle, G. Creissen, P. 
Mullineaux, Systemic signaling and acclimation in response to excess 
excitation energy in Arabidopsis, Science 284 (1999) 654–657. 
doi:10.1126/science.284.5414.654. 

[108] J.B. Rossel, P.B. Wilson, D. Hussain, N.S. Woo, M.J. Gordon, O.P. Mewett, 
K.A. Howell, J. Whelan, K. Kazan, B.J. Pogson, Systemic and intracellular 
responses to photooxidative stress in Arabidopsis, Plant Cell 19 (2007) 4091–
4110. doi:10.1105/tpc.106.045898. 

[109] M. Szechyńska-Hebda, J. Kruk, M. Górecka, B. Karpińska, S. Karpiński, 
Evidence for light wavelength-specific photoelectrophysiological signaling and 
memory of excess light episodes in Arabidopsis., Plant Cell 22 (2010) 2201–
2218. doi:10.1105/tpc.109.069302. 

[110] N. Suzuki, S. Koussevitzky, R. Mittler, G. Miller, ROS and redox signalling in 
the response of plants to abiotic stress, Plant, Cell Environ. 35 (2012) 259–
270. doi:10.1111/j.1365-3040.2011.02336.x. 

[111] F. Ramel, B. Ksas, E. Akkari, A.S. Mialoundama, F. Monnet, A. Krieger-
Liszkay, J.-L. Ravanat, M.J. Mueller, F. Bouvier, M. Havaux, Light-induced 
acclimation of the arabidopsis chlorina1 mutant to singlet oxygen, Plant Cell 25 
(2013) 1445–1462. doi:10.1105/tpc.113.109827. 

[112] C. Wasternack, B. Hause, Jasmonates: biosynthesis, perception, signal 
transduction and action in plant stress response, growth and development. An 
update to the 2007 review in Annals of Botany, Ann. Bot. 111 (2013) 1021–
1058. doi:10.1093/aob/mct067. 

[113] A. Danon, O. Miersch, G. Felix, R.G.L. Camp, K. Apel, Concurrent activation of 
cell death-regulating signaling pathways by singlet oxygen in Arabidopsis 
thaliana, Plant J. 41 (2004) 68–80. doi:10.1111/j.1365-313X.2004.02276.x. 

[114] D. Przybyla, C. Göbel, A. Imboden, M. Hamberg, I. Feussner, K. Apel, 
Enzymatic, but not non-enzymatic, 1 O 2 -mediated peroxidation of 
polyunsaturated fatty acids forms part of the EXECUTER1-dependent stress 



 

 
 

43

response program in the flu mutant of Arabidopsis thaliana, Plant J. 54 (2008) 
236–248. doi:10.1111/j.1365-313X.2008.03409.x. 

[115] K.P. Lee, C. Kim, F. Landgraf, K. Apel, EXECUTER1- and EXECUTER2-
dependent transfer of stress-related signals from the plastid to the nucleus of 
Arabidopsis thaliana, Proc. Natl. Acad. Sci. U.S.A. 104 (2007) 10270–10275. 
doi:10.1073/pnas.0702061104. 

[116] C. Kim, R. Meskauskiene, S. Zhang, K.P. Lee, M. Lakshmanan Ashok, K. 
Blajecka, C. Herrfurth, I. Feussner, K. Apel, Chloroplasts of Arabidopsis are 
the source and a primary target of a plant-specific programmed cell death 
signaling pathway, Plant Cell 24 (2012) 3026–3039. 
doi:10.1105/tpc.112.100479. 

[117] C. Ochsenbein, D. Przybyla, A. Danon, F. Landgraf, C. Göbel, A. Imboden, I. 
Feussner, K. Apel, The role of EDS1 (enhanced disease susceptibility) during 
singlet oxygen-mediated stress responses of Arabidopsis, Plant J. 47 (2006) 
445–456. doi:10.1111/j.1365-313X.2006.02793.x. 

[118] M. de Torres Zabala, G. Littlejohn, S. Jayaraman, D. Studholme, T. Bailey, T. 
Lawson, M. Tillich, D. Licht, B. Bölter, L. Delfino, W. Truman, J. Mansfield, N. 
Smirnoff, M. Grant, Chloroplasts play a central role in plant defence and are 
targeted by pathogen effectors, Nat. Plants. 1 (2015) 15074. 
doi:10.1038/nplants.2015.74. 

[119] G.M. Estavillo, P.A. Crisp, W. Pornsiriwong, M. Wirtz, D. Collinge, C. Carrie, E. 
Giraud, J. Whelan, P. David, H. Javot, C. Brearley, R. Hell, E. Marin, B.J. 
Pogson, Evidence for a SAL1-PAP chloroplast retrograde pathway that 
functions in drought and high light signaling in Arabidopsis, Plant Cell. 23 
(2011) 3992–4012. doi:10.1105/tpc.111.091033. 

[120] Y. Xiao, T. Savchenko, E.E.K. Baidoo, W.E. Chehab, D.M. Hayden, V. 
Tolstikov, J.A. Corwin, D.J. Kliebenstein, J.D. Keasling, K. Dehesh, Retrograde 
signaling by the plastidial metabolite MEcPP regulates expression of nuclear 
stress-response genes, Cell 149 (2012) 1525–1535. 
doi:10.1016/j.cell.2012.04.038. 

[121] M.O. Vogel, M. Moore, K. Konig, P. Pecher, K. Alsharafa, J. Lee, K.-J. Dietz, 
Fast retrograde signaling in response to high light involves metabolite export, 
MITOGEN-ACTIVATED PROTEIN KINASE6, and AP2/ERF transcription 
factors in Arabidopsis, Plant Cell 26 (2014) 1151–1165. 
doi:10.1105/tpc.113.121061. 

[122] K. Brautigam, L. Dietzel, T. Kleine, E. Stroher, D. Wormuth, K.-J. Dietz, D. 
Radke, M. Wirtz, R. Hell, P. Dormann, A. Nunes-Nesi, N. Schauer, A.R. 
Fernie, S.N. Oliver, P. Geigenberger, D. Leister, T. Pfannschmidt, Dynamic 
plastid redox signals integrate gene expression and metabolism to induce 
distinct metabolic states in photosynthetic acclimation in Arabidopsis, Plant 
Cell 21 (2009) 2715–2732. doi:10.1105/tpc.108.062018. 

[123] N. Topfer, C. Caldana, S. Grimbs, L. Willmitzer, A.R. Fernie, Z. Nikoloski, 
Integration of genome-scale modeling and transcript profiling reveals metabolic 
pathways underlying light and temperature acclimation in Arabidopsis, Plant 
Cell 25 (2013) 1197–1211. doi:10.1105/tpc.112.108852. 



 

 
 

44

[124] K.X. Chan, P.D. Mabbitt, S.Y. Phu, J.W. Mueller, N. Nisara, T. Gigolashvili, E. 
Stroeher, J. Grassl, W. Arlt, G.M. Estavillo, C.J. Jackson, B.J. Pogson, 
Sensing and signaling of oxidative stress in chloroplasts by inactivation of the 
SAL1 phosphoadenosine phosphatase, Proc. Natl. Acad. Sci. U.S.A. 113 
(2016) E4567–E4576 doi:10.1073/pnas.1604936113  

[125] B. Halliwell, Free radicals and antioxidants: A personal view, Nutr. Rev. 52 
(2009) 253–265. doi:10.1111/j.1753-4887.1994.tb01453.x. 

[126] H. Sies, Oxidative stress: oxidants and antioxidants, Exp. Physiol. 82 (1997) 
291–295. doi:10.1113/expphysiol.1997.sp004024. 

[127] G. Creissen, J. Firmin, M. Fryer, B. Kular, N. Leyland, H. Reynolds, G. Pastori, 
F. Wellburn, N. Baker,  A. Wellburn, P. Mullineaux, Elevated glutathione 
biosynthetic capacity in the chloroplasts of transgenic tobacco plants 
paradoxically causes increased oxidative stress, Plant Cell 11 (1999) 1277–
1292. doi:10.1105/tpc.11.7.1277. 

[128] C. Herschbach, L. Rizzini, S. Mult, T. Hartmann, F. Busch, A.D. Peuke, S. 
Kopriva, I. Ensminger, Over-expression of bacterial γ-glutamylcysteine 
synthetase (GSH1) in plastids affects photosynthesis, growth and sulphur 
metabolism in poplar (Populus tremula x Populus alba) dependent on the 
resulting  γ-glutamylcysteine and glutathione levels, Plant, Cell Environ. 33 
(2010) 1138–1151. doi:10.1111/j.1365-3040.2010.02135.x. 

[129] S. Karpinski, C. Escobar, B. Karpinska, G. Creissen, P.M. Mullineaux, 
Photosynthetic electron transport regulates the expression of cytosolic 
ascorbate peroxidase genes in Arabidopsis during excess light stress, Plant 
Cell 9 (1997) 627–640. doi:10.1105/tpc.9.4.627. 

[130] R. Desikan, S. A-H-Mackerness, J.T. Hancock, S.J. Neill, Regulation of the 
Arabidopsis transcriptome by oxidative stress, Plant Physiol. 127 (2001) 159–
172. doi:10.1104/pp.127.1.159. 

[131] A. Nishizawa, Y. Yabuta, E. Yoshida, T. Maruta, K. Yoshimura, S. Shigeoka, 
Arabidopsis heat shock transcription factor A2 as a key regulator in response 
to several types of environmental stress, Plant J. 48 (2006) 535–547. 
doi:10.1111/j.1365-313X.2006.02889.x. 

[132] U. Bechtold, O. Richard, A. Zamboni, C. Gapper, M. Geisler, B. Pogson, S. 
Karpinski, P.M. Mullineaux, Impact of chloroplastic- and extracellular-sourced 
ROS on high light-responsive gene expression in Arabidopsis, J. Exp. Bot. 59 
(2008) 121–133. doi:10.1093/jxb/erm289. 

[133] L. Rizhsky, E. Hallak-Herr, F. Van Breusegem, S. Rachmilevitch, J.E. Barr, S. 
Rodermel, D. Inzé, R. Mittler, Double antisense plants lacking ascorbate 
peroxidase and catalase are less sensitive to oxidative stress than single 
antisense plants lacking ascorbate peroxidase or catalase, Plant J. 32 (2002) 
329–342. doi:10.1046/j.1365-313X.2002.01427.x. 

[134] G. Miller, N. Suzuki, L. Rizhsky, A. Hegie, S. Koussevitzky, R. Mittler, Double 
mutants deficient in cytosolic and thylakoid ascorbate peroxidase reveal a 
complex mode of interaction between reactive oxygen species, plant 
development, and response to abiotic stresses, Plant Physiol. 144 (2007) 
1777–1785. doi:10.1104/pp.107.101436. 



 

 
 

45

[135] A. Bonifacio, F.E.L. Carvalho, M.O. Martins, M.C. Lima Neto, J.R. Cunha, 
C.W. Ribeiro, M. Margis-Pinheiro, J.A.G. Silveira, Silenced rice in both 
cytosolic ascorbate peroxidases displays pre-acclimation to cope with 
oxidative stress induced by 3-aminotriazole-inhibited catalase, J. Plant Physiol. 
201 (2016) 17–27. doi:10.1016/j.jplph.2016.06.015. 

[136] P. Mullineaux, S. Karpinski, Signal transduction in response to excess light: 
Getting out of the chloroplast, Curr. Opin. Plant Biol. 5 (2002) 43–48. 
doi:10.1016/S1369-5266(01)00226-6. 

[137] R. Mittler, S. Vanderauwera, M. Gollery, F. Van Breusegem, Reactive oxygen 
gene network of plants, Trends Plant Sci. 9 (2004) 490–498. 
doi:10.1016/j.tplants.2004.08.009. 

[138] C.J. Jung, H-S, Crisp PA, Estavillo, GM, Cole, B, Hong, F, Mockler, TD, 
Pogson BJ, Subset of heat-shock transcription factors required for the early 
response of Arabidopsis to excess light, Proc. Natl. Acad. Sci. 110 (2013) 
14474–14479. doi:10.1073/pnas.1311632110. 

[139] P.M. Mullineaux, S. Karpinski, N.R. Baker, Spatial dependence for hydrogen 
peroxide-directed signaling in light-stressed plants, Plant Physiol. 141 (2006) 
346–350. doi:10.1104/pp.106.078162.The. 

[140] M.M. Mubarakshina, B.N. Ivanov, I.A. Naydov, W. Hillier, M.R. Badger, A. 
Krieger-Liszkay, Production and diffusion of chloroplastic H2O2 and its 
implication to signalling, J. Exp. Bot. 61 (2010) 3577–3587. 
doi:10.1093/jxb/erq171. 

[141] M. Ushio-Fukai, Compartmentalization of redox signaling through NADPH 
oxidase–derived ROS, Antioxid. Redox Signal. 11 (2009) 1289–1299. 
doi:10.1089/ars.2008.2333. 

[142] M. Malinouski, Y. Zhou, V. V Belousov, D.L. Hatfield, V.N. Gladyshev, 
Hydrogen peroxide probes directed to different cellular compartments, PLoS 
One. 6 (2011) e14564. doi:10.1371/journal.pone.0014564. 

[143] N.L. Chaplin, M. Nieves-Cintrón, A.M. Fresquez, M.F. Navedo, G.C. Amberg, 
Arterial smooth muscle mitochondria amplify hydrogen peroxide microdomains 
functionally coupled to l-type calcium channels, Circ. Res. 117 (2015) 1013-
1023. doi:10.1161/CIRCRESAHA.115.306996. 

[144] H. Sies, Hydrogen peroxide as a central redox signaling molecule in 
physiological oxidative stress: Oxidative eustress, Redox Biol. 11 (2017) 613–
619. doi:10.1016/j.redox.2016.12.035. 

[145] S.P. Gibbs, Nuclear envelope-chloroplast relationships in algae, J. Cell Biol. 14 
(1962) 433–444. doi:10.1083/jcb.14.3.433. 

[146] T. Ehara, S. Sumida, T. Osafune, E. Hase, Interactions between the nucleus 
and cytoplasmic organelles during the cell cycle of Euglena gracilis in 
synchronized cultures: I. Associations between the nucleus and chloroplasts at 
an early stage in the cell cycle under photoorganotrophic conditions, Plant Cell 
Physiol. 25 (1984) 1133–1146. 

[147] E. Osafune , T , Ehara ,T, Sumida , S, Hase, Interactions between the nucleus 
and cytoplasmic organelles during the cell cycle of Euglena gracilis in 



 

 
 

46

synchronized cultures II. Associations between the nucleus and chloroplasts at 
an early stage of the cell cycle under photoautotrophic conditions, Plant Cell 
Physiol. 15 (1985) 2805-2815. doi:10.1093/oxfordjournals.pcp.a076905. 

[148] T. Selga, M. Selga, V. Gobins, A. Ozolina, Plastid-nuclear complexes: 
permanent structures in photosynthesizing of vascular plants, Environ. Exp. 
Biol. 8 (2010) 85–92. 

[149] E. Gantt, M.R. Edwards, L. Provasoli, Chloroplast structure of the 
Cryptophyceae, J. Cell Biol. 48 (1971) 280-290. 

[150] T. Higa, N. Suetsugu, S.-G. Kong, M. Wada, Actin-dependent plastid 
movement is required for motive force generation in directional nuclear 
movement in plants, Proc. Natl. Acad. Sci. 111 (2014) 4327–4331. 
doi:10.1073/pnas.1317902111. 

[151] K. Oikawa, M. Kasahara, T. Kiyosue, T. Kagawa, N. Suetsugu, F. Takahashi, 
T. Kanegae, Y. Niwa, A. Kadota, M. Wada, Chloroplast unusual positioning1 is 
essential for proper chloroplast positioning, Plant Cell 15 (2003) 2805–2815. 
doi:10.1105/tpc.016428. 

[152] M. Kasahara, T. Kagawa, K. Oikawa, N. Suetsugu, M. Miyao, M. Wada, 
Chloroplast avoidance movement reduces photodamage in plants, Nature 420 
(2002) 829–832. doi:10.1038/nature01213. 

[153] S. Kitajima, H. Nii, M. Kitamura, Recombinant stromal APX defective in the 
unique loop region showed improved tolerance to hydrogen peroxide, Biosci. 
Biotechnol. Biochem. 74 (2010) 1501–1503. doi:10.1271/bbb.100218. 

[154] T. Maruta, Y. Sawa, S. Shigeoka, T. Ishikawa, Diversity and evolution of 
ascorbate peroxidase functions in chloroplasts: more than just a classical 
antioxidant enzyme?, Plant Cell Physiol. 57 (2016) 1377–1386. 

[155] G.P. Bienert, F. Chaumont, Aquaporin-facilitated transmembrane diffusion of 
hydrogen peroxide, Biochim. Biophys. Acta - Gen. Subj. 1840 (2014) 1596–
1604. doi:10.1016/j.bbagen.2013.09.017. 

[156] A. Almasalmeh, D. Krenc, B. Wu, E. Beitz, Structural determinants of the 
hydrogen peroxide permeability of aquaporins, FEBS J. 281 (2014) 647–656. 
doi:10.1111/febs.12653. 

[157] M. Ferro, S. Brugière, D. Salvi, D. Seigneurin-Berny, M. Court, L. Moyet, C. 
Ramus, S. Miras, M. Mellal, S. Le Gall, S. Kieffer-Jaquinod, C. Bruley, J. 
Garin, J. Joyard, C. Masselon, N. Rolland, AT_CHLORO, a comprehensive 
chloroplast proteome database with subplastidial localization and curated 
information on envelope proteins, Mol. Cell. Proteomics. 9 (2010) 1063–1084. 
doi:10.1074/mcp.M900325-MCP200. 

[158] N. Uehlein, B. Otto, D.T. Hanson, M. Fischer, N. McDowell, R. Kaldenhoff, 
Function of Nicotiana tabacum aquaporins as chloroplast gas pores challenges 
the concept of membrane CO2 permeability, Plant Cell 20 (2008) 648–657. 
doi:10.1105/tpc.107.054023. 

[159] K. Fischer,  a Weber, S. Brink, B. Arbinger, D. Schünemann, S. Borchert, H.W. 
Heldt, B. Popp, R. Benz, T. A. Link, Porins from plants. Molecular cloning and 
functional characterization of two new members of the porin family, J. Biol. 



 

 
 

47

Chem. 269 (1994) 25754–25760. 

[160] I. Pottosin, O. Dobrovinskaya, Ion channels in native chloroplast membranes: 
Challenges and potential for direct patch-clamp studies, Front. Physiol. 6 
(2015) 1–13. doi:10.3389/fphys.2015.00396. 

[161] J.C. Gray, J.A. Sullivan, J.M. Hibberd, M.R. Hansen, Stromules: Mobile 
protrusions and interconnections between plastids, Plant Biol. 3 (2001) 223–
233. doi:10.1055/s-2001-15204. 

[162] J.L. Caplan, A.S. Kumar, E. Park, M.S. Padmanabhan, K. Hoban, S. Modla, K. 
Czymmek, S.P. Dinesh-Kumar, Chloroplast stromules function during innate 
immunity, Dev. Cell. 34 (2015) 45–57. doi:10.1016/j.devcel.2015.05.011. 

[163] J.O. Brunkard, A.M. Runkel, P.C. Zambryski, Chloroplasts extend stromules 
independently and in response to internal redox signals, Proc. Natl. Acad. Sci. 
112 (2015) 10044–10049. doi:10.1073/pnas.1511570112. 

[164] M.R. Hanson, A. Sattarzadeh, Trafficking of proteins through plastid stromules, 
Plant Cell 25 (2013) 2774–2782. doi:10.1105/tpc.113.112870. 

[165] J.L. Erickson, M. Kantek, M.H. Schattat, Plastid-nucleus distance alters the 
behavior of stromules, Front. Plant Sci. 8 (2017). doi:10.3389/fpls.2017.01135. 

[166] J. Shaikhali, I. Heiber, T. Seidel, E. Ströher, H. Hiltscher, S. Birkmann, K.-J. 
Dietz, M. Baier, The redox-sensitive transcription factor Rap2.4a controls 
nuclear expression of 2-Cys peroxiredoxin A and other chloroplast antioxidant 
enzymes, BMC Plant Biol. 8 (2008) 48. doi:10.1186/1471-2229-8-48. 

[167] N. Li, L. Yuan, N. Liu, D. Shi, X. Li, Z. Tang, J. Liu, V. Sundaresan, W.-C. 
Yang, SLOW WALKER2, a NOC1/MAK21 homologue, is essential for 
coordinated cell cycle progression during female gametophyte development in 
Arabidopsis, Plant Physiol. 151 (2009) 1486–1497. 
doi:10.1104/pp.109.142414. 

[168] D. Zhu, Z. Wu, G. Cao, J. Li, J. Wei, T. Tsuge, H. Gu, T. Aoyama, L.J. Qu, 
TRANSLUCENT GREEN, an ERF family transcription factor, controls water 
balance, Mol. Plant. 7 (2014) 601–615. doi:10.1093/mp/sst152. 

[169] I. Perez-Salamo, C. Papdi, G. Rigo, L. Zsigmond, B. Vilela, V. Lumbreras, I. 
Nagy, B. Horvath, M. Domoki, Z. Darula, K. Medzihradszky, L. Bogre, C. 
Koncz, L. Szabados, The heat shock factor A4a confers salt tolerance and is 
regulated by oxidative stress and the mitogen-activated protein kinases MPK3 
and MPK6, Plant Physiol. 165 (2014) 319–334. doi:10.1104/pp.114.237891. 

[170] M. Giesguth, A. Sahm, S. Simon, K.J. Dietz, Redox-dependent translocation of 
the heat shock transcription factor AtHSFA8 from the cytosol to the nucleus in 
Arabidopsis thaliana, FEBS Lett. 589 (2015) 718–725. 
doi:10.1016/j.febslet.2015.01.039. 

[171] N. Gutsche, S. Zachgo, The N-terminus of the floral Arabidopsis TGA 
transcription factor PERIANTHIA mediates redox-sensitive DNA-binding, PLoS 
One 11 (2016) 1–19. doi:10.1371/journal.pone.0153810. 

[172] J. Knuesting, C. Riondet, C. Maria, I. Kruse, N. Bécuwe, N. König, C. Berndt, 
S. Tourrette, J. Guilleminot-Montoya, E. Herrero, F. Gaymard, J. Balk, G. Belli, 



 

 
 

48

R. Scheibe, J.-P. Reichheld, N. Rouhier, P. Rey, Arabidopsis glutaredoxin S17 
and its partner, the nuclear factor Y subunit C11/negative cofactor 2α, 
contribute to maintenance of the shoot apical meristem under long-day 
photoperiod, Plant Physiol. 167 (2015) 1643–1658. doi:10.1104/pp.15.00049. 

[173] F. Åslund, M. Zheng, J. Beckwith, G. Storz, Regulation of the OxyR 
transcription factor by hydrogen peroxide and the cellular thiol-disulfide status., 
Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 6161–6165. 
doi:10.1073/pnas.96.11.6161. 

[174] M.S.B. Paget, M.J. Buttner, Thiol-based regulatory switches, Annu. Rev. 
Genet. 37 (2003) 91–121. doi:10.1146/annurev.genet.37.110801.142538. 

[175] H.S. Marinho, C. Real, L. Cyrne, H. Soares, F. Antunes, Hydrogen peroxide 
sensing, signaling and regulation of transcription factors, Redox Biol. 2 (2014) 
535–562. doi:10.1016/j.redox.2014.02.006. 

[176] M. Ushio-Fukai, Localizing NADPH oxidase-derived ROS, Sci. Signal. 2006 
(2006) re8-re8. doi:10.1126/stke.3492006re8. 

[177] P. Niethammer, C. Grabher, A.T. Look, T.J. Mitchison, A tissue-scale gradient 
of hydrogen peroxide mediates rapid wound detection in zebrafish, Nature 459 
(2009) 996–999. doi:10.1038/nature08119. 

[178] S. Stöcker, K. Van Laer, A. Mijuskovic, T.P. Dick, The conundrum of hydrogen 
peroxide signaling and the emerging role of peroxiredoxins as redox relay 
hubs, Antioxid. Redox Signal. 25 (2017) ars.2017.7162. 
doi:10.1089/ars.2017.7162. 

[179] M. Meinhard, P.L. Rodriguez, E. Grill, The sensitivity of ABI2 to hydrogen 
peroxide links the abscisic acid-response regulator to redox signalling, Planta 
214 (2002) 775–782. doi:10.1007/s00425-001-0675-3. 

[180] Y. Miao, D. Lv, P. Wang, X.-C. Wang, J. Chen, C. Miao, C.-P. Song, An 
Arabidopsis glutathione peroxidase functions as both a redox transducer and a 
scavenger in abscisic acid and drought stress responses, Plant Cell 18 (2006) 
2749–2766. doi:10.1105/tpc.106.044230. 

[181] M. Gutscher, M.C. Sobotta, G.H. Wabnitz, S. Ballikaya, A.J. Meyer, Y. 
Samstag, T.P. Dick, Proximity-based protein thiol oxidation by H2O2-
scavenging peroxidases, J. Biol. Chem. 284 (2009) 31532–31540. 
doi:10.1074/jbc.M109.059246. 

[182] A. Costa, I. Drago, S. Behera, M. Zottini, P. Pizzo, J.I. Schroeder, T. Pozzan, 
F. Lo Schiavo, H2O2 in plant peroxisomes: An in vivo analysis uncovers a 
Ca2+-dependent scavenging system, Plant J. 62 (2010) 760–772. 
doi:10.1111/j.1365-313X.2010.04190.x. 

[183] M. Exposito-Rodriguez, P.P. Laissue, G.R. Littlejohn, N. Smirnoff, P.M. 
Mullineaux, The use of HyPer to examine spatial and temporal changes in 
H2O2 in high light-exposed plants, Methods Enzymol. 527 (2013) 185-201. 
doi:10.1016/B978-0-12-405882-8.00010-6. 

[184] L.H. Ma, C.L. Takanishi, M.J. Wood, Molecular mechanism of oxidative stress 
perception by the Orp1 protein, J. Biol. Chem. 282 (2007) 31429–31436. 
doi:10.1074/jbc.M705953200. 



 

 
 

49

[185] M. Deponte, C. Horst Lillig, Enzymatic control of cysteinyl thiol switches in 
proteins, Biol. Chem. 396 (2015) 401–413. doi:10.1515/hsz-2014-0280. 

[186] K.-J. Dietz, Peroxiredoxins in plants and cyanobacteria, Antioxid. Redox 
Signal. 15 (2011) 1129–1159. doi:10.1089/ars.2010.3657. 

[187] C.C. Winterbourn, M.B. Hampton, Redox biology: Signaling via a peroxiredoxin 
sensor, Nat. Chem. Biol. 11 (2014) 5–6. doi:10.1038/nchembio.1722. 

[188] G.R. Sue, Z.C. Ho, K. Kim, Peroxiredoxins: A historical overview and 
speculative preview of novel mechanisms and emerging concepts in cell 
signaling, Free Radic. Biol. Med. 38 (2005) 1543–1552. 
doi:10.1016/j.freeradbiomed.2005.02.026. 

[189] S. Toppo, L. Flohé, F. Ursini, S. Vanin, M. Maiorino, Catalytic mechanisms and 
specificities of glutathione peroxidases: Variations of a basic scheme, Biochim. 
Biophys. Acta - Gen. Subj. 1790 (2009) 1486–1500. 
doi:10.1016/j.bbagen.2009.04.007. 

[190] A. Bersweiler, B. Autréaux, H. Mazon, A. Kriznik, G. Belli, A. Delaunay-Moisan, 
M. Toledano, S. Rahuel-Clermont, A scaffold protein that chaperones a 
cysteine- sulfenic acid in H2O2 signaling, Nat. Chem. Biol. 13, (2017) 909-915. 
doi: 10.1038/nchembio.2412. 

[191] A.M. Avery, S.A. Willetts, S. V Avery, Genetic dissection of the phospholipid 
hydroperoxidase activity of yeast Gpx3 reveals its functional importance, J. 
Biol. Chem. 279 (2004) 46652–46658. doi:10.1074/jbc.M408340200. 

[192] B. Morgan, K. Van Laer, T.N.E. Owusu, D. Ezeriņa, D. Pastor-Flores, P.S. 
Amponsah, A. Tursch, T.P. Dick, Real-time monitoring of basal H2O2 levels 
with peroxiredoxin-based probes, Nat. Chem. Biol. 12 (2016) 437–443. 
doi:10.1038/nchembio.2067. 

[193] P.A. Karplus, A primer on peroxiredoxin biochemistry, Free Radic. Biol. Med. 
80 (2015) 183–190. doi:10.1016/j.freeradbiomed.2014.10.009. 

[194] D.E. Fomenko, A. Koc, N. Agisheva, M. Jacobsen, A. Kaya, M. Malinouski, 
J.C. Rutherford, K.-L. Siu, D.-Y. Jin, D.R. Winge, V.N. Gladyshev, Thiol 
peroxidases mediate specific genome-wide regulation of gene expression in 
response to hydrogen peroxide, Proc. Natl. Acad. Sci. 108 (2011) 2729–2734. 
doi:10.1073/pnas.1010721108. 

[195] G. Monteiro, B.B. Horta, D.C. Pimenta, O. Augusto, L.E.S. Netto, Reduction of 
1-Cys peroxiredoxins by ascorbate changes the thiol-specific antioxidant 
paradigm, revealing another function of vitamin C, Proc. Natl. Acad. Sci. 104 
(2007) 4886–4891. doi:10.1073/pnas.0700481104. 

[196] B.B. Buchanan, Y. Balmer, Redox regulation: A broadening horizon, Annu. 
Rev. Plant Biol. 56 (2005) 187–220. 
doi:10.1146/annurev.arplant.56.032604.144246. 

[197] D.E. Fomenko, W. Xing, B.M. Adair, D.J. Thomas, V.N. Gladyshev, High-
throughput identification of catalytic redox-active cysteine residues, Science 
315 (2007) 387–389. doi:10.1126/science.1133114. 

[198] C. Waszczak, S. Akter, D. Eeckhout, G. Persiau, K. Wahni, N. Bodra, I. Van 



 

 
 

50

Molle, B. De Smet, D. Vertommen, K. Gevaert, G. De Jaeger, M. Van 
Montagu, J. Messens, F. Van Breusegem, Sulfenome mining in Arabidopsis 
thaliana, Proc. Natl. Acad. Sci. 111 (2014) 11545–11550. 
doi:10.1073/pnas.1411607111. 

[199] C. Klomsiri, P.A. Karplus, L.B. Poole, Cysteine-based redox switches in 
enzymes, Antioxid. Redox Signal. 14 (2011) 1065–1077. 
doi:10.1089/ars.2010.3376. 

[200] M.C. Sobotta, W. Liou, S. Stöcker, D. Talwar, M. Oehler, T. Ruppert, A.N.D. 
Scharf, T.P. Dick, Peroxiredoxin-2 and STAT3 form a redox relay for H2O2 
signaling, Nat. Chem. Biol. 11 (2014) 64–70. doi:10.1038/nchembio.1695. 

[201] R.S. Edgar, E.W. Green, Y. Zhao, G. van Ooijen, M. Olmedo, X. Qin, Y. Xu, M. 
Pan, U.K. Valekunja, K.A. Feeney, E.S. Maywood, M.H. Hastings, N.S. Baliga, 
M. Merrow, A.J. Millar, C.H. Johnson, C.P. Kyriacou, J.S. O’Neill, A.B. Reddy, 
Peroxiredoxins are conserved markers of circadian rhythms, Nature 485  
(2012) 459-464. doi:10.1038/nature11088. 

[202] L. Guo, S.P. Devaiah, R. Narasimhan, X. Pan, Y. Zhang, W. Zhang, X. Wang, 
Cytosolic glyceraldehyde-3-phosphate dehydrogenases interact with 
phospholipase d  to transduce hydrogen peroxide signals in the Arabidopsis 
response to stress, Plant Cell 24 (2012) 2200–2212. 
doi:10.1105/tpc.111.094946. 

[203] U. Bechtold, C.A. Penfold, D.J. Jenkins, R. Legaie, J.D. Moore, T. Lawson, 
J.S.A. Matthews, S.R.M. Vialet-Chabrand, L. Baxter, S. Subramaniam, R. 
Hickman, H. Florance, C. Sambles, D.L. Salmon, R. Feil, L. Bowden, C. Hill, 
N.R. Baker, J.E. Lunn, B. Finkenstädt, A. Mead, V. Buchanan-Wollaston, J. 
Beynon, D.A. Rand, D.L. Wild, K.J. Denby, S. Ott, N. Smirnoff, P.M. 
Mullineaux, Time-series transcriptomics reveals that AGAMOUS-LIKE22 
affects primary metabolism and developmental processes in drought-stressed 
Arabidopsis, Plant Cell 28 (2016) 345–366. doi:10.1105/tpc.15.00910. 

[204] C.A. Penfold, D.L. Wild, How to infer gene networks from expression profiles, 
revisited, Interface Focus 1 (2011) 857–870. doi:10.1098/rsfs.2011.0053. 

[205] N. Ohama, H. Sato, K. Shinozaki, K. Yamaguchi-Shinozaki, Transcriptional 
Regulatory Network of Plant Heat Stress Response, Trends Plant Sci. 22 
(2017) 53–65. doi:10.1016/j.tplants.2016.08.015. 

[206] O. Windram, K.J. Denby, Modelling signaling networks underlying plant 
defence, Curr. Opin. Plant Biol. 27 (2015) 165–171. 
doi:10.1016/j.pbi.2015.07.007. 

[207] H. Spielmann, L. Müller, D. Averbeck, M. Balls, S. Brendler-Schwaab, J. V 
Castell, R. Curren, de Silva O, N.K. Gibbs, M. Liebsch, W.W. Lovell, H.F. 
Merk, J.F. Nash, N.J. Neumann, W.J. Pape, P. Ulrich, H.W. Vohr, The second 
ECVAM workshop on phototoxicity testing. The report and recommendations 
of ECVAM workshop 42., Altern. Lab. Anim. 28 (2000) 777–814. 

[208] T.J. Dougherty, S.L. Marcus, Photodynamic therapy., Eur. J. Cancer. 28A 
(1992) 1734–42. 

[209] P.P. Laissue, R.A. Alghamdi, P. Tomancak, E.G. Reynaud, H. Shroff, 
Assessing phototoxicity in live fluorescence imaging, Nat. Methods 14 (2017) 



 

 
 

51

657–661. doi:10.1038/nmeth.4344. 

[210] S. Wäldchen, J. Lehmann, T. Klein, S. van de Linde, M. Sauer, Light-induced 
cell damage in live-cell super-resolution microscopy., Sci. Rep. 5 (2015) 
15348. doi:10.1038/srep15348. 

 


