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National Institute of Biology, Večna Pot 111, 1000 Ljubljana, Slovenia; anna.coll@nib.si
* Correspondence: tjasa.lukan@nib.si

Abstract: One of the earliest hallmarks of plant immune response is production of reactive oxygen
species (ROS) in different subcellular compartments, which regulate plant immunity. A suitable
equilibrium, which is crucial to prevent ROS overaccumulation leading to oxidative stress, is main-
tained by salicylic acid (SA), a chief regulator of ROS. However, ROS not only act downstream of SA
signaling, but are also proposed to be a central component of a self-amplifying loop that regulates SA
signaling as well as the interaction balance between different phytohormones. The exact role of this
crosstalk, the position where SA interferes with ROS signaling and ROS interferes with SA signaling
and the outcome of this regulation, depend on the origin of ROS but also on the pathosystem. The
precise spatiotemporal regulation of organelle-specific ROS and SA levels determine the effectiveness
of pathogen arrest and is therefore crucial for a successful immune response. However, the regulatory
interplay behind still remains poorly understood, as up until now, the role of organelle-specific ROS
and SA in hypersensitive response (HR)-conferred resistance has mostly been studied by altering the
level of a single component. In order to address these aspects, a sophisticated combination of research
methods for monitoring the spatiotemporal dynamics of key players and transcriptional activity in
plants is needed and will most probably consist of biosensors and precision transcriptomics.

Keywords: plant immune response; reactive oxygen species; salicylic acid; reactive oxygen species–salicylic
acid crosstalk; programmed cell death; hypersensitive-response-conferred resistance; RBOH NADPH
oxidases; chloroplastic redox state; biosensors; precision transcriptomics

1. Reactive Oxygen Species as One of the Earliest Hallmarks of Plant Immune Response

Plants have evolved sophisticated mechanisms to perceive pathogen attack and trigger
an effective immune response through two distinct but inherently intertwined layers of
immune response [1] (Figure 1). The first layer, pathogen-associated molecular-pattern-
triggered immunity (PTI), is mediated by cell-surface-localized pattern recognition re-
ceptors (PRRs), which recognize conserved microbial- or pathogen-associated molecular
patterns (MAPMs or PAMPs) extracellularly. The second layer is mediated by intracellular-
nucleotide-binding domain leucine-rich repeat receptors (NLRs) [2]. NLRs, also known as
R proteins, detect pathogen effector proteins within cells and activate effector-triggered
immunity (ETI). Successful ETI often results in hypersensitive response (HR)-conferred
resistance. In HR, restriction of pathogens to the infection site is associated with a form of
localized programmed cell death (PCD), which is manifested as the formation of necrotic
lesions on inoculated leaves [3]. HR-conferred resistance is preceded by a series of biochem-
ical and cellular signals. Whereas the mechanism of R proteins activation is well known,
the downstream signaling mechanisms leading to the restriction of the pathogen have been
less studied.
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known, the downstream signaling mechanisms leading to the restriction of the pathogen 
have been less studied. 

 
Figure 1. Intertwined roles of reactive oxygen species and salicylic acid signaling in plant response 
to biotic stress. The scheme represents the crosstalk between salicylic acid (SA) and reactive oxygen 
species (ROS) signaling. Pathogen-associated molecular-pattern-triggered immunity (PTI) is medi-
ated by cell-surface-localized pattern recognition receptors (PRRs), which recognize conserved mi-
crobial- or pathogen-associated molecular patterns (MAPMs or PAMPs) extracellularly. Intracellu-
lar-nucleotide-binding domain leucine-rich repeat receptors (NLRs) detect pathogen effector pro-
teins within cells and activate effector-triggered immunity (ETI). Successful ETI often results in hy-
persensitive response (HR)-conferred resistance and programmed cell death (PCD). The role of 
RBOHD has been shown in both PTI and ETI. For simplicity, bacterial pathogen induces NLR on 
the scheme; however, the role of RBOH-generated ROS in HR cell death and/or HR-conferred re-
sistance has also been confirmed for viral, oomycete, and fungal pathosystems. Superoxide pro-
duced by NADPH oxidases (RBOH) is spontaneously or by superoxide dis-mutase (SOD) converted 
to hydrogen peroxide (H2O2), which crosses plasmalemma via free diffusion or aquaporin-facili-
tated diffusion to enter the cell. SA is known as a chief regulator of ROS production by regulating 
RBOH transcription. Plants possess isochorismate synthase and phenylalanine ammonia-lyase 
pathways to synthesize SA, both starting from chorismate precursor. Benzoic acid is converted into 
SA by BA2H, which is regulated by ROS. Higher SA level and change of redox state induce mon-
omerization of NPR1, translocation into the nucleus, and NPR1-dependent gene expression through 
direct interactions with TGA transcription factors. Intercellular ROS inhibits SA accumulation and 
HR in the adjacent cells. Chloroplastic ROS might, in addition to signaling in HR cell death, also be 
involved in controlling plant immune responses by reprogramming transcription of genes involved 
in response to pathogen attack as one of the retrograde signals either directly via stromules or by 
first entering the cytosol. In the nucleus, control of gene expression depends mainly on the activity 
of TFs that interact with oxidative-stress-responsive cis-regulatory elements within the gene pro-
moters. The intertwined roles of ROS and SA in immunity are pathosystem- and RBOH-isoform-
dependent; however, note that the scheme is simplified. SA: salicylic acid, ROS: reactive oxygen 
species, RBOHD: respiratory burst oxidase homolog (RBOH) NADPH oxidases D, BA2H: benzoic 
acid 2-hydroxylase, NPR1: nonexpresser of PR gene 1, TFs: transcription factors. 

Figure 1. Intertwined roles of reactive oxygen species and salicylic acid signaling in plant response to
biotic stress. The scheme represents the crosstalk between salicylic acid (SA) and reactive oxy-
gen species (ROS) signaling. Pathogen-associated molecular-pattern-triggered immunity (PTI)
is mediated by cell-surface-localized pattern recognition receptors (PRRs), which recognize con-
served microbial- or pathogen-associated molecular patterns (MAPMs or PAMPs) extracellularly.
Intracellular-nucleotide-binding domain leucine-rich repeat receptors (NLRs) detect pathogen effector
proteins within cells and activate effector-triggered immunity (ETI). Successful ETI often results in
hypersensitive response (HR)-conferred resistance and programmed cell death (PCD). The role of
RBOHD has been shown in both PTI and ETI. For simplicity, bacterial pathogen induces NLR on
the scheme; however, the role of RBOH-generated ROS in HR cell death and/or HR-conferred resis-
tance has also been confirmed for viral, oomycete, and fungal pathosystems. Superoxide produced
by NADPH oxidases (RBOH) is spontaneously or by superoxide dis-mutase (SOD) converted to
hydrogen peroxide (H2O2), which crosses plasmalemma via free diffusion or aquaporin-facilitated
diffusion to enter the cell. SA is known as a chief regulator of ROS production by regulating RBOH
transcription. Plants possess isochorismate synthase and phenylalanine ammonia-lyase pathways
to synthesize SA, both starting from chorismate precursor. Benzoic acid is converted into SA by
BA2H, which is regulated by ROS. Higher SA level and change of redox state induce monomeriza-
tion of NPR1, translocation into the nucleus, and NPR1-dependent gene expression through direct
interactions with TGA transcription factors. Intercellular ROS inhibits SA accumulation and HR
in the adjacent cells. Chloroplastic ROS might, in addition to signaling in HR cell death, also be
involved in controlling plant immune responses by reprogramming transcription of genes involved
in response to pathogen attack as one of the retrograde signals either directly via stromules or by first
entering the cytosol. In the nucleus, control of gene expression depends mainly on the activity of
TFs that interact with oxidative-stress-responsive cis-regulatory elements within the gene promoters.
The intertwined roles of ROS and SA in immunity are pathosystem- and RBOH-isoform-dependent;
however, note that the scheme is simplified. SA: salicylic acid, ROS: reactive oxygen species, RBOHD:
respiratory burst oxidase homolog (RBOH) NADPH oxidases D, BA2H: benzoic acid 2-hydroxylase,
NPR1: nonexpresser of PR gene 1, TFs: transcription factors.
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Together with the changes in the intracellular calcium levels, one of the earliest hall-
marks of HR is rapid and intense production of reactive oxygen species (ROS) in different
subcellular compartments [4]. The first phase, transient and with low amplitude, occurs
within minutes after infection and is mostly apoplastic, tightly linked to posttranslational ac-
tivation of plasma membrane respiratory burst oxidase homolog (RBOH) NADPH oxidases
and cell wall peroxidases and is attributed to PTI [5]. In Arabidopsis, RBOH activity is regu-
lated through phosphorylation and ubiquitination [6–8]. Superoxide produced by NADPH
oxidases is spontaneously or by superoxide dismutase (SOD) converted to hydrogen per-
oxide (H2O2) [9], which crosses plasmalemma via free diffusion or aquaporin-facilitated
diffusion to enter the cell [10,11]. The second phase, sustained and with high amplitude, is
initiated a few hours after infection in different compartments, including apoplasts, chloro-
plasts, mitochondria, and peroxisomes. It requires transcriptional activation of RBOH genes
and is associated with the establishment of defense responses and the HR [9,12]. However,
it has recently become clear that both layers have been intertwined and share common
regulatory mechanisms [13]. The role of RBOHD in PTI is well known in diverse pathosys-
tems [14], while its involvement in HR has been less studied. However, several studies
have pointed to the essential role of RBOH-generated ROS also in HR cell death and/or
HR-conferred resistance. This includes viral pathosystems [15] such as potato–potato virus
Y interaction [16] and one of the most studied viral pathosystems, Nicotiana tabacum—
tobacco mosaic virus (TMV) [17,18], bacterial [19–23], oomycete [19,24,25], and fungal
pathosystems [23,26–29]. The results of the above-mentioned studies show that the role of
RBOH-generated ROS in immunity is pathosystem- but also RBOH isoform-dependent [14].
Moreover, it has been shown that different RBOH isoforms perform different roles within
the same host or in different hosts. Some are involved in cell death induction and/or
resistance, while others are not, and some are involved in early, while others in late ROS
production; they regulate different signaling pathways in the plant immune response or
they function together in the resistance to some pathogens [19,22,28,30,31].

In addition, the effective defense response strongly depends on the action of several
plant hormones that ultimately reprogram the transcriptome. Among them, salicylic acid
(SA) has been identified as one of the key components of the immune signaling [32]. Its
crucial role, not only in ETI but also in PTI and systemic acquired resistance, have been
extensively studied [33–35].

2. Crosstalk between RBOHD-Derived Reactive Oxygen Species and Salicylic Acid in
Programmed Cell Death and Resistance

Although ROS regulates plant immunity, biotic stress can cause ROS overaccumulation
leading to oxidative stress [36]. Therefore, a suitable equilibrium is crucial for redox
homeostasis in the plant. SA is known as a chief regulator of ROS; however, underlying
mechanisms are still largely unexplored [37]. In the early 1990s, it was discovered that SA
affects ROS production in response to stress [38]. To date, it became clear that SA is required
for the restriction of bacterial, oomycete, fungal, and viral pathogens during HR in various
pathosystems [3,39,40], including tobacco mosaic virus (TMV) [41,42] and PVY [16,43]. Yet,
the exact role of SA and the position where SA interferes with ROS signaling depends on
the origin of ROS but also on the pathosystem [44].

One of the main targets of SA to mediate ROS signaling induction is NADPH oxidase
RBOH [44]. However, this regulation seems to be pathosystem-dependent. In Arabidopsis,
treatment with SA induced ROS production, which resulted from the regulation of the PRRs
and was most probably AtRBOHD-dependent [45]. This is also supported by the presence
of SA-responsive cis-regulatory elements in the promoters of different RBOHD isoforms in
Arabidopsis and rice [46,47]. On the other hand, in potato, SA-induced ROS production is
rather related to ETI, as in potato HR-conferred resistance against potato virus Y (PVY),
RBOHD was under transcriptional regulation of SA [16]. Similarly, in another study on
potato, SA treatment induced RBOHB expression, which was also responsible for the
second, ETI-related ROS burst phase [48]. In SA-treated pear fruits, the expression of



Int. J. Mol. Sci. 2022, 23, 5568 4 of 14

RBOH was isoform-dependent [49], which is in agreement with the study performed in
potato [16].

Under stressful conditions, ROS are not only acting downstream of SA signaling, but
were also proposed to be a central component of a self-amplifying loop that regulates
SA signaling as well as the interaction balance between different phytohormones [37,50].
RBOHD knockout Arabidopsis mutant plants accumulated higher levels of SA following
interaction with pathogens [51]. On the other hand, Chaouch et al. did not detect any differ-
ence in SA accumulation in the RBOHD mutant compared with wild-type Arabidopsis [20].
The inconsistency in the results might be connected to tight spatial regulation of SA accu-
mulation as it was shown in potato HR-conferred resistance against potato virus Y (PVY),
where accumulation of SA was spatially regulated by RBOHD [16]. Interestingly, however,
SA biosynthesis was not controlled by RBOHD-generated ROS in this interaction [16].

There have also been a few indications of the intertwined role of RBOHD and SA
in spatial regulation of cell death. Pogany et al. showed that in Arabidopsis, RBOHD
triggers death in cells damaged by fungal infection, but simultaneously inhibits death
in neighboring cells through the suppression of free SA and ET (ethylene) levels [51].
Consistent with the results of this study, using lsd1 (negative regulator of plant cell death)
and rbohd double mutants, Torres et al. showed that in Arabidopsis, AtRBOHD-dependent
ROS production at infection sites with elevated levels of SA suppressed SA-dependent HR
cell death in neighboring cells [26].

The results of the above-mentioned studies suggest pathosystem-dependent correla-
tion between SA and RBOH-derived ROS in HR cell death and HR-conferred resistance.
Different mechanisms in regulating RBOH-dependent ROS production are important for
maintaining signaling specificity, while the cross talk with SA signaling provides another
layer of regulation.

3. Chloroplastic Reactive Oxygen Species Play a Role in the Signaling for Programmed
Cell Death and Induce SA-Dependent Transcription of Immune Genes

A growing body of evidence supports a central role of chloroplasts as integrators of
environmental signals and key defense organelles, as they host biosynthesis of several
key defense-related molecules, including SA and ROS, and are therefore primary sites
for the biosynthesis and transmission of pro-defense signals during plant immune re-
sponses [12,52,53]. Increases in chloroplastic ROS concentration have been observed in
different incompatible plant–pathogen interactions [54], and, in addition, the results of
several studies suggest the involvement of chloroplastic ROS in the signaling for and/or
execution of HR cell death in HR-conferred resistance [16,55–60]. However, its exact role
during HR still remains largely elusive. Zurbriggen et al. (2009) suggested that ROS gener-
ated in chloroplasts during non-host interaction are essential for the progression of PCD,
but do not contribute to the induction of pathogenesis-related genes or other signaling
components of the response, including SA signaling [56]. Similarly, Yao and Greenberg did
not detect an increase in the expression of genes from SA-mediated signaling in the acd2
mutants that show spontaneous light-dependent PCD and chloroplastic H2O2 increase [61].
In contrast, Straus et al. suggested that chloroplastic ROS acts as a flexible spatiotemporal
integration point leading to opposite SA signaling reactions in infected and surrounding
tissue to control the propagation of PCD [57]. Predominance of chloroplast superoxide
over H2O2 drives PCD in infected tissue and RBOHD-regulated restriction of PCD in the
surrounding tissue. When the equilibrium is through SA synthesis shifted towards H2O2
production, this results in runaway PCD [57]. Interestingly, Ochsenbein et al. (2006) also ob-
served that chloroplastic singlet oxygen activates SA-mediated signaling, although SA was
not required for a singlet-oxygen-mediated cell death [62]. In potato HR, ROS generated in
the chloroplasts around the cell death zone are involved in SA-independent execution of
cell death and SA-dependent immune signaling, which are spatially regulated [16,63].

Moreover, recent evidence suggests that chloroplastic ROS might, in addition to
signaling in HR cell death, also be involved in controlling plant immune responses by



Int. J. Mol. Sci. 2022, 23, 5568 5 of 14

reprogramming transcription of genes involved in response to pathogen attack as one
of the retrograde signals [62,64–69]. Transmission of pro-defense signals is facilitated by
direct connections between chloroplasts and other organelles [70,71]. It has been suggested
that stromules, which are extensions in the form of fluid-filled tubules, containing soluble
components of the compartments, could facilitate this transmission by enabling more
targeted and stronger signal transmission [72]. Stromules are induced by a variety of biotic
and abiotic stresses and are involved in retrograde signaling after pathogen invasion, light
stress, or movement of chloroplasts within the cell [73–75]. However, their direct role
in immunity is still largely unresolved [68]. In potato HR-conferred resistance against
PVY, stromule formation is induced in close proximity to the cells with oxidized chloro-
plasts [63]. Since Stonebloom et al. (2012) showed that cell-to-cell transport is negatively
regulated by an oxidative shift in chloroplasts, while reductive shift in chloroplasts causes
increased cell-to-cell transport, these results could indicate on the potential role of stro-
mules in the signaling for HR-conferred resistance [76]. This is further supported by the
fact that stromule formation is induced on the front of virus multiplication zone and is
tightly spatiotemporaly regulated by SA signaling [63]. Another type of phenomena that
indicate the role of stromules in signaling are the connections of stromules with the plasma
membrane, mitochondria, and the nucleus, suggesting that the direct transfer of proteins
and metabolites between these organelles and the apoplast could occur [77].

4. Reactive Oxygen Species of Different Source and Type Induce Diverse
Transcriptional Responses

Distinct subcellular compartments produce different ROS types [78], which could all
regulate gene expression [79]. Although each organelle could, in theory, locally manage
its own ROS homeostasis, ROS and related signaling intermediates are also involved in
interorganellar communication [9,77,80]. For example, chloroplast-derived redox signals
could be first integrated in the cytosol or directly transferred to the nucleus, either through
physical nucleus–chloroplast interaction or via stromules, in order to control retrograde
signaling [81]. Only a small number of proteins targeted to the chloroplast have been also
identified in the nucleus to function as retrograde signal transducers in response to biotic
and abiotic stresses, some of them being WHIRLY1, the PHD-type transcription factor
PTM, and NUCLEAR RECEPTOR INTERACTING PROTEIN 1 (NRIP1) [82]. For example,
WHIRLY1 has been proposed to convey the redox status in chloroplasts to the nucleus in a
SA-dependent manner [83]. While localization of WHIRLY1 and PTM in both chloroplasts
and the nucleus have been shown, the way in which their translocation from chloroplasts
to the nucleus occurs is still not known [84,85]. On the other hand, Caplan et al. suggested
that after TMV inoculation, the NRIP1 protein is translocated from the chloroplast to the
nucleus via stromules [74].

In the nucleus, the control of gene expression depends mainly on the activity of
transcription factors (TFs) that interact with oxidative-stress-responsive cis-regulatory
elements within the gene promoters. It has been reported that the transcripts generated
by increased intracellular H2O2 levels encode proteins of diverse functional categories
including TFs, protein kinases, heat shock proteins, glutathione S-transferases (GSTs),
UDP-glucuronosyltransferases (UGTs), and cytochrome P450 monooxygenases (CYPs).
Upregulated TFs belong to different stress-related TFs’ families, including WRKY, AP2/ERF,
MYB, NAC, heat shock factor (HSF), and ZAT [78]. Interestingly, studies have shown that
the transcriptional response to apoplastic ROS produced during oxidative burst has little
similarity to the effect of chloroplastic ROS [9]. The roles of individual ROS species from
different organelles in transcriptional responses have been studied [86], but since the
signaling pathways are connected, multiple effects of different organelle-specific ROS on
transcriptional response have to be addressed.
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5. Tools for Studying Redox State with High Spatiotemporal Resolution with Focus on
Cytoplasmic and Chloroplastic Redox State in Hypersensitive Response

Despite the new insights that have been brought into the role of redox mechanisms in
plant defense response, still one of the major challenges is to monitor local, subcellular, and
global ROS dynamics with high selectivity, sensitivity, and spatiotemporal resolution that
allow for quantification [87]. Small organic-molecule-based probes have been originally
used to measure ROS in plants; however, they have significant limitation as they do not
allow for spatiotemporal resolution, since the fluorescence changes as a result of ROS pres-
ence are irreversible [88,89]. Nondestructive real-time measuring of redox state in plants
with high spatial and temporal resolution is feasible since Jiang et al. reported the use of
redox-sensitive green fluorescent protein (roGFP) [90] (Figure 2). Measurement of roGFP
fluorescence intensity following excitation with two different wavelengths enables the
calculation of the ratio between reduced and oxidized roGFP and thus the determination of
the redox state on the cellular or organelle level. The biosensors have been modified by
the addition of signal sequences to target them to different subcellular organelles, while
two variants, roGFP1 and roGFP2, with different excitation and emission spectra, were
developed to allow for optimal selection according to the redox state in the particular
organelle. By fusing the peroxisomal targeting peptide sequence SKL, per-roGFP1 and
px-roGFP2 were targeted to peroxisomes [91,92]. mt-roGFP1 and mt-roGFP2 are available
for measuring the redox state in mitochondria due to the fusion with mitochondrial local-
ization signal peptide from the tobacco b-ATPase [90,92], while er-roGFP2 was constructed
by fusing roGFP2 with the endoplasmic reticulum (ER) retention signal peptide HDEL for
following the redox state in ER [93]. Finally, cp-GFP2, pt-roGFP2, and chl-roGFP2 were
constructed by adding plastid-targeting signal peptide TKTP, coding sequence for RuBisCo
small subunit transit peptide, or the first 74 amino acids from PRXa to roGFP2 coding
sequence, respectively, for measuring change of redox state in chloroplasts [76,94,95]. Since
pt-roGFP is targeted to the chloroplast outer plastid envelope membrane, it also allows
for the imaging of stromules formation [73]. The above-mentioned sensors were used in
tobacco, Arabidopsis, and potato subjected to different developmental and environmental
stresses [73,76,90–99], some of them also in HR [63,100,101]. roGFP2 expressed in the
cytosol senses the redox potential of the cellular glutathione buffer via glutaredoxin (GRX)
as a mediator of reversible electron flow between glutathione and roGFP2 [93]. To facilitate
specific real-time equilibration between roGFP2 and the glutathione redox couple, fusion
constructs with human glutaredoxin 1 (GRX1) Grx1-roGFP2 and roGFP2-Grx2 were gener-
ated [102–104]. Moreover, two roGFP derivatives, roGFP2-iL and roGFP1-iX, with different
midpoint potential and excitation properties, were developed to further extend the range
of suitable probes [105]. Another group of genetically encoded sensors that detect H2O2
levels instead of measuring glutathione redox potential was also developed. roGFP2-Orp1,
based on a redox relay between the GPX-like enzyme oxidant receptor peroxidase-1 (Orp1)
from Saccharomyces cerevisiae and roGFP2 was generated for sensing transient changes in
H2O2 [98]. Another sensor that reports on local alterations in H2O2 concentrations exploits
the H2O2-sensitive bacterial transcription factor OxyR for its response and was named
HyPer [106,107]. The above-mentioned types of sensors were also used to follow redox
potential and H2O2 in the cytoplasm during HR [108–113] or were further upgraded to fol-
low redox potential in different cellular compartments, including chloroplasts [114]. Using
HyPer2, Exposito-Rodriguez et al. showed that in photosynthetic Nicotiana benthamiana
epidermal cells, exposure to high light increased H2O2 production in chloroplast stroma,
cytosol, and nuclei, suggesting direct H2O2 transfer from chloroplasts to nuclei [115]. Other
genetically encoded redox and H2O2 sensors are reviewed in [87,116]. The most recent ones
are biosensor CROST for measurements of the thioredoxin redox state in chloroplasts [117],
FRET-based biosensors, and ROS regulated promoter–FP fusions [87,118].
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Figure 2. Tools to investigate the role of specific reactive oxygen species produced in chloroplasts 
and apoplasts. One strategy for studying the role of organelle-specific redox state is by altering re-
active oxygen species (ROS) production by using chemicals or mutants (bold) or by altering expres-
sion of genes involved in ROS production (light grey). The role of apoplastic ROS could be studied 
by altering the expression of RBOHD. The role of chloroplastic ROS could be studied in transgenic 
plants with overexpressed tAPX, which results in decreased chloroplastic ROS production, or in 
transgenic plants with estrogen-inducible RNAi-silenced tAPX expression, which results in in-
creased chloroplastic ROS production. As PRX similarly as APX reduce H2O2 accumulation, silenc-
ing of PRX results in enhanced chloroplastic H2O2 production. Fld improves the delivery of reduc-
ing equivalents to productive pathways of the chloroplast, which in turn restricts chloroplastic ROS 
production. Paraquat acts by re-directing electrons from photosystem I to oxygen and thereby en-
hances the production of superoxide in the chloroplasts but also inhibits APX, which leads to accu-
mulation of H2O2 in treated plants. Flu mutant is used to study singlet-oxygen-specific ROS signal-
ing. Uracil, acting as a chloroplast electron transport chain inhibitor, reduces H2O2 production. Dif-
ferent types of ROS induce specific transcriptional response. Another strategy for studying the role 
of organelle-specific redox state is by using biosensors (blue). roGFP2 and Grx1-roGFP2 targeted to 
chloroplasts measure chloroplast redox state, while roGFP2-Orp1 and HyPer-derived probes detect 
H2O2. RBOHD: respiratory burst oxidase homolog (RBOH) NADPH oxidases D, tAPX: thylakoidal 
ascorbate peroxidase, PRX: 2-Cys peroxiredoxin, GO: glycolate oxidase, Fld: flavodoxin, GRX: glu-
taredoxin, GST: glutathione S-transferase, GSSG: glutathione disulfide, GSH: glutathione. 
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The change of SA and ROS levels and other key players alter the rate of cell-to-cell and 
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Figure 2. Tools to investigate the role of specific reactive oxygen species produced in chloroplasts and
apoplasts. One strategy for studying the role of organelle-specific redox state is by altering reactive
oxygen species (ROS) production by using chemicals or mutants (bold) or by altering expression of
genes involved in ROS production (light grey). The role of apoplastic ROS could be studied by altering
the expression of RBOHD. The role of chloroplastic ROS could be studied in transgenic plants with
overexpressed tAPX, which results in decreased chloroplastic ROS production, or in transgenic plants
with estrogen-inducible RNAi-silenced tAPX expression, which results in increased chloroplastic ROS
production. As PRX similarly as APX reduce H2O2 accumulation, silencing of PRX results in enhanced
chloroplastic H2O2 production. Fld improves the delivery of reducing equivalents to productive
pathways of the chloroplast, which in turn restricts chloroplastic ROS production. Paraquat acts by re-
directing electrons from photosystem I to oxygen and thereby enhances the production of superoxide
in the chloroplasts but also inhibits APX, which leads to accumulation of H2O2 in treated plants.
Flu mutant is used to study singlet-oxygen-specific ROS signaling. Uracil, acting as a chloroplast
electron transport chain inhibitor, reduces H2O2 production. Different types of ROS induce specific
transcriptional response. Another strategy for studying the role of organelle-specific redox state is
by using biosensors (blue). roGFP2 and Grx1-roGFP2 targeted to chloroplasts measure chloroplast
redox state, while roGFP2-Orp1 and HyPer-derived probes detect H2O2. RBOHD: respiratory
burst oxidase homolog (RBOH) NADPH oxidases D, tAPX: thylakoidal ascorbate peroxidase, PRX:
2-Cys peroxiredoxin, GO: glycolate oxidase, Fld: flavodoxin, GRX: glutaredoxin, GST: glutathione
S-transferase, GSSG: glutathione disulfide, GSH: glutathione.

Another strategy for studying the role of organelle-specific redox state is by altering
ROS production in the organelle of interest; here, we focus on chloroplasts. Chloroplasts
produce various forms of ROS during photosynthesis. One of the most reactive ones is
singlet oxygen, which is produced by energy transfer from excited triplet state chloro-
phyll to the oxygen, mainly in the photosystem II reaction center [119]. The other major
source of chloroplastic ROS is Mehler reaction in photosystem I, which reduces oxygen
to superoxide anion that is further converted to H2O2 by thylakoid-bound and stromal
superoxide dismutases [120]. H2O2 is reduced in reactions catalyzed by 2-Cys peroxire-
doxin (PRX) and ascorbate peroxidase (APX) [121]. Therefore, the role of chloroplastic ROS
could be studied in transgenic plants with overexpressed thylakoidal ascorbate peroxidase
(tAPX), which results in decreased chloroplastic ROS production [61,122] or in transgenic
plants with estrogen-inducible RNAi silenced tAPX expression, which results in increased
chloroplastic ROS production [66]. Inducible silencing of tAPX increased H2O2 production
in chloroplasts, which activated SA biosynthesis and SA-inducible gene expression [66].
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Interestingly, however, over-expression of stromal ascorbate peroxidase (sAPX) or treatment
with photosynthesis inhibitor DCMU attenuates nuclear H2O2 accumulation and high-
light-responsive gene expression, while cytosolic ascorbate peroxidase overexpression has
little effect [115]. This was explained by the direct H2O2 transfer from chloroplasts to nuclei,
avoiding the cytosol, which enables photosynthetic control over gene expression [115]. As
PRX similarly as APX reduces H2O2 accumulation, silencing of PRX results in enhanced
chloroplastic H2O2 accumulation. By VIGS-induced PRX silencing, Ishiga et al. showed
that PRX functions as a negative regulator of pathogen-induced cell death in the healthy
tissue that surrounds the lesions, while chloroplastic ROS play a role in the cell death
initiation [58]. The role of chloroplastic ROS could also be studied by the use of trans-
genic plants with chloroplast-targeted flavodoxin (Fld) [123]. Fld improves the delivery
of reducing equivalents to productive pathways of the chloroplast, which in turn restricts
chloroplastic ROS production. The introduction of a Fld in chloroplasts of various plant
species resulted in increased tolerance to different biotic and abiotic stresses [56,123–128].
Plants overexpressing glycolate oxidase (GO) are another system for studying the effects
of chloroplastic H2O2 [129]. By exploiting this system, Schmidt et al. showed that H2O2
dosage in Arabidopsis chloroplasts regulates HR-conferred resistance to hemibiotrophic
fungus by the induction of WRKY33 [130]. While the above-mentioned systems modu-
late chloroplastic H2O2 accumulation, Arabidopsis flu mutant manifest increased singlet
oxygen production in chloroplasts upon dark/light shift [131], which leads to induced SA
synthesis and suppressed spread of necrotic lesions [62]. ROS production in the chloro-
plasts can also be enhanced by using inhibitors and redox catalysts. The herbicide methyl
viologen (paraquat) acts by re-directing electrons from photosystem I (PSI) to oxygen
and thereby enhancing the production of superoxide in the chloroplasts [132]. As it also
inhibits APX, this leads to accumulation of H2O2 in treated plants [133]. To study the
role of chloroplast-derived photo-oxidative stress in different cellular components, Ugalde
et al. treated Arabidopsis seedlings with methyl viologen and recorded dynamic changes
in glutathione redox potential and H2O2 levels with the genetically encoded biosensors
Grx1-roGFP2 and roGFP2-Orp1 targeted to chloroplasts, the cytosol, or mitochondria [114].
Similarly, the role of chloroplastic ROS was studied using uracil, a chloroplast electron
transport chain inhibitor, which significantly reduced ROS generation and delayed necrosis
appearance in biotic stress [134].

6. Conclusions

The results of the above-mentioned studies suggest that the precise spatiotemporal
regulation of key players, including organelle-specific ROS and SA levels, determines the
effectiveness of pathogen arrest and is therefore crucial for a successful immune response.
The change of SA and ROS levels and other key players alter the rate of cell-to-cell and
systemic pathogen spread, rate of cell death induction, and spatial transcriptional response,
leading to susceptibility or resistance. We suggest that only a coordinated and intertwined
action of all main components enable effective immune response. However, the specific
interactions between them and the regulatory interplay behind still remain poorly under-
stood, as up until now, the role of organelle-specific ROS and SA in HR-conferred resistance
has only been studied by altering the level of a single component. In order to address
these aspects, a sophisticated combination of research methods for monitoring the spa-
tiotemporal dynamics of key players and transcriptional activity in plants is needed. The
precise sampling of tissue sections surrounding the HR-PCD, with spatial resolution and
suitable for transcriptomics analyses [16], in combination with the use of biosensors [135],
could enable identification of novel key players and could unravel the interconnectivity of
immune signaling components. Such an approach could therefore present a step forward
in studying the resistance response.
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63. Lukan, T.; Županič, A.; Mahkovec Povalej, T.; Brunkard, J.O.; Juteršek, M.; Baebler, Š.; Gruden, K. Chloroplast redox state changes
indicate cell-to-cell signalling during the hypersensitive response. bioRxiv 2021. [CrossRef]

64. Lee, K.P.; Kim, C.; Landgraf, F.; Apel, K. EXECUTER1- and EXECUTER2-dependent transfer of stress-related signals from the
plastid to the nucleus of Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2007, 104, 10270–10275. [CrossRef]

65. Noshi, M.; Maruta, T.; Shigeoka, S. Relationship between chloroplastic H2O2 and the salicylic acid response. Plant Signal. Behav.
2012, 7, 944–946. [CrossRef] [PubMed]

66. Maruta, T.; Noshi, M.; Tanouchi, A.; Tamoi, M.; Yabuta, Y.; Yoshimura, K.; Ishikawa, T.; Shigeoka, S. H2O2-triggered retrograde
signaling from chloroplasts to nucleus plays specific role in response to stress. J. Biol. Chem. 2012, 287, 11717–11729. [CrossRef]
[PubMed]

67. Nomura, H.; Komori, T.; Uemura, S.; Kanda, Y.; Shimotani, K.; Nakai, K.; Furuichi, T.; Takebayashi, K.; Sugimoto, T.; Sano, S.; et al.
Chloroplast-mediated activation of plant immune signalling in Arabidopsis. Nat. Commun. 2012, 3, 910–926. [CrossRef]

68. Sewelam, N.; Jaspert, N.; van der Kelen, K.; Tognetti, V.B.; Schmitz, J.; Frerigmann, H.; Stahl, E.; Zeier, J.; van Breusegem, F.;
Maurino, V.G. Spatial H2O2 signaling specificity: H2O2 from chloroplasts and peroxisomes modulates the plant transcriptome
differentially. Mol. Plant 2014, 7, 1191–1210. [CrossRef]

69. Pierella Karlusich, J.J.; Zurbriggen, M.D.; Shahinnia, F.; Sonnewald, S.; Sonnewald, U.; Hosseini, S.A.; Hajirezaei, M.R.;
Carrillo, N. Chloroplast redox status modulates genome-wide plant responses during the non-host interaction of Tobacco
with the hemibiotrophic bacterium Xanthomonas campestris pv. vesicatoria. Front. Plant Sci. 2017, 8, 1158. [CrossRef]

70. Kmiecik, P.; Leonardelli, M.; Teige, M. Novel connections in plant organellar signalling link different stress responses and
signalling pathways. J. Exp. Bot. 2016, 67, 3793–3807. [CrossRef]

71. Pérez-Sancho, J.; Tilsner, J.; Samuels, A.L.; Botella, M.A.; Bayer, E.M.; Rosado, A. Stitching organelles: Organization and function
of specialized membrane contact sites in plants. Trends Cell Biol. 2016, 26, 705–717. [CrossRef] [PubMed]

72. Hanson, M.R.; Conklin, P.L. Stromules, functional extensions of plastids within the plant cell. Curr. Opin. Plant Biol. 2020,
58, 25–32. [CrossRef]

http://doi.org/10.1094/MPMI.2001.14.6.725
http://doi.org/10.1111/j.1399-3054.2009.01326.x
http://doi.org/10.1104/pp.109.141994
http://www.ncbi.nlm.nih.gov/pubmed/19726575
http://doi.org/10.1093/jxb/erw088
http://www.ncbi.nlm.nih.gov/pubmed/26994477
http://doi.org/10.1016/j.tplants.2021.12.004
http://www.ncbi.nlm.nih.gov/pubmed/35012879
http://doi.org/10.4161/psb.5.4.10793
http://www.ncbi.nlm.nih.gov/pubmed/20383072
http://doi.org/10.1111/j.1365-313X.2007.03191.x
http://www.ncbi.nlm.nih.gov/pubmed/17651371
http://doi.org/10.1111/j.1365-313X.2009.04010.x
http://doi.org/10.1111/j.1365-313X.2010.04178.x
http://doi.org/10.1094/MPMI-05-11-0130
http://doi.org/10.1105/tpc.112.100479
http://doi.org/10.1038/s41467-019-13487-6
http://doi.org/10.1105/tpc.105.036251
http://www.ncbi.nlm.nih.gov/pubmed/16387834
http://doi.org/10.1111/j.1365-313X.2006.02793.x
http://www.ncbi.nlm.nih.gov/pubmed/16790029
http://doi.org/10.1101/2021.02.08.430316
http://doi.org/10.1073/pnas.0702061104
http://doi.org/10.4161/psb.20906
http://www.ncbi.nlm.nih.gov/pubmed/22836499
http://doi.org/10.1074/jbc.M111.292847
http://www.ncbi.nlm.nih.gov/pubmed/22334687
http://doi.org/10.1038/ncomms1926
http://doi.org/10.1093/mp/ssu070
http://doi.org/10.3389/fpls.2017.01158
http://doi.org/10.1093/jxb/erw136
http://doi.org/10.1016/j.tcb.2016.05.007
http://www.ncbi.nlm.nih.gov/pubmed/27318776
http://doi.org/10.1016/j.pbi.2020.10.005


Int. J. Mol. Sci. 2022, 23, 5568 12 of 14

73. Brunkard, J.O.; Runkel, A.M.; Zambryski, P.C. Chloroplasts extend stromules independently and in response to internal redox
signals. Proc. Natl. Acad. Sci. USA 2015, 112, 10044–10049. [CrossRef] [PubMed]

74. Caplan, J.L.; Kumar, A.S.; Park, E.; Padmanabhan, M.S.; Hoban, K.; Modla, S.; Czymmek, K.; Dinesh-Kumar, S.P. Chloroplast
stromules function during innate immunity. Dev. Cell 2015, 34, 45–57. [CrossRef] [PubMed]

75. Kumar, A.S.; Park, E.; Nedo, A.; Alqarni, A.; Ren, L.; Hoban, K.; Modla, S.; McDonald, J.H.; Kambhamettu, C.; Dinesh-Kumar, S.P.; et al.
Stromule extension along microtubules coordinated with actin-mediated anchoring guides perinuclear chloroplast movement
during innate immunity. eLife 2018, 7, e23625. [CrossRef] [PubMed]

76. Stonebloom, S.; Brunkard, J.O.; Cheung, A.C.; Jiang, K.; Feldman, L.; Zambryski, P. Redox states of plastids and mitochondria
differentially regulate intercellular transport via plasmodesmata. Plant Physiol. 2012, 158, 190–199. [CrossRef]

77. Noctor, G.; Foyer, C.H. Intracellular redox compartmentation and ROS-related communication in regulation and signaling. Plant
Physiol. 2016, 171, 1581–1592. [CrossRef]

78. He, H.; van Breusegem, F.; Mhamdi, A. Redox-dependent control of nuclear transcription in plants. J. Exp. Bot. 2018, 69, 3359–3372.
[CrossRef]

79. Locato, V.; Cimini, S.; de Gara, L. ROS and redox balance as multifaceted players of cross-tolerance: Epigenetic and retrograde
control of gene expression. J. Exp. Bot. 2018, 69, 3373–3391. [CrossRef]

80. Mignolet-Spruyt, L.; Xu, E.; Idänheimo, N.; Hoeberichts, F.A.; Mühlenbock, P.; Brosché, M.; van Breusegem, F.; Kangasjärvi, J.
Spreading the news: Subcellular and organellar reactive oxygen species production and signalling. J. Exp. Bot. 2016, 67, 3831–3844.
[CrossRef]

81. Bleau, J.R.; Spoel, S.H. Selective redox signaling shapes plant-pathogen interactions. Plant Physiol. 2021, 186, 53–65. [CrossRef]
[PubMed]

82. Mullineaux, P.M.; Exposito-Rodriguez, M.; Laissue, P.P.; Smirnoff, N.; Park, E. Spatial chloroplast-to-nucleus signalling involving
plastid–nuclear complexes and stromules. Philos. Trans. R. Soc. B Biol. Sci. 2020, 375, 20190405. [CrossRef] [PubMed]

83. Foyer, C.H.; Karpinska, B.; Krupinska, K. The functions of WHIRLY1 and REDOXRESPONSIVE TRANSCRIPTION FACTOR 1 in
cross tolerance responses in plants: A hypothesis. Philos. Trans. R. Soc. B Biol. Sci. 2014, 369, 20130226. [CrossRef] [PubMed]

84. Grabowski, E.; Miao, Y.; Mulisch, M.; Krupinska, K. Single-stranded DNA-binding protein whirly1 in barley leaves is located in
plastids and the nucleus of the same cell. Plant Physiol. 2008, 147, 1800–1804. [CrossRef] [PubMed]

85. Sun, X.; Feng, P.; Xu, X.; Guo, H.; Ma, J.; Chi, W.; Lin, R.; Lu, C.; Zhang, L. A chloroplast envelope-bound PHD transcription factor
mediates chloroplast signals to the nucleus. Nat. Commun. 2011, 2, 477. [CrossRef]

86. Farooq, M.A.; Niazi, A.K.; Akhtar, J.; Saifullah; Farooq, M.; Souri, Z.; Karimi, N.; Rengel, Z. Acquiring control: The evolution of
ROS-Induced oxidative stress and redox signaling pathways in plant stress responses. Plant Physiol. Biochem. 2019, 141, 353–369.
[CrossRef] [PubMed]

87. Ortega-Villasante, C.; Burén, S.; Blázquez-Castro, A.; Barón-Sola, Á.; Hernández, L.E. Fluorescent in vivo imaging of reactive
oxygen species and redox potential in plants. Free Radic. Biol. Med. 2018, 122, 202–220. [CrossRef] [PubMed]

88. Choi, W.G.; Swanson, S.J.; Gilroy, S. High-resolution imaging of Ca 2+, redox status, ROS and pH using GFP biosensors. Plant J.
2012, 70, 118–128. [CrossRef]

89. Fichman, Y.; Miller, G.; Mittler, R. Whole-plant live imaging of reactive oxygen species. Mol. Plant 2019, 12, 1203–1210. [CrossRef]
90. Jiang, K.; Schwarzer, C.; Lally, E.; Zhang, S.; Ruzin, S.; Machen, T.; Remington, S.J.; Feldman, L. Expression and characterization

of a redox-sensing green fluorescent protein (reduction-oxidation-sensitive green fluorescent protein) in Arabidopsis. Plant Physiol.
2006, 141, 397–403. [CrossRef]

91. Rosenwasser, S.; Rot, I.; Meyer, A.J.; Feldman, L.; Jiang, K.; Friedman, H. A fluorometer-based method for monitoring oxidation
of redox-sensitive GFP (roGFP) during development and extended dark stress. Physiol. Plant. 2010, 138, 493–502. [CrossRef]
[PubMed]

92. Schwarzländer, M.; Fricker, M.D.; Müller, C.; Marty, L.; Brach, T.; Novak, J.; Sweetlove, L.J.; Hell, R.; Meyer, A.J. Confocal imaging
of glutathione redox potential in living plant cells. J. Microsc. 2008, 231, 299–316. [CrossRef] [PubMed]

93. Meyer, A.J.; Brach, T.; Marty, L.; Kreye, S.; Rouhier, N.; Jacquot, J.P.; Hell, R. Redox-sensitive GFP in Arabidopsis thaliana is a
quantitative biosensor for the redox potential of the cellular glutathione redox buffer. Plant J. 2007, 52, 973–986. [CrossRef]

94. Schwarzländer, M.; Fricker, M.D.; Sweetlove, L.J. Monitoring the in vivo redox state of plant mitochondria: Effect of respiratory
inhibitors, abiotic stress and assessment of recovery from oxidative challenge. Biochim. Biophys. Acta-Bioenerg. 2009, 1787, 468–475.
[CrossRef] [PubMed]

95. Haber, Z.; Lampl, N.; Meyer, A.J.; Zelinger, E.; Hipsch, M.; Rosenwasser, S. Resolving diurnal dynamics of the chloroplastic
glutathione redox state in Arabidopsis reveals its photosynthetically derived oxidation. Plant Cell 2021, 33, 1828–1844. [CrossRef]
[PubMed]

96. Kidd, B.N.; Foley, R.; Singh, K.B.; Anderson, J.P. Foliar resistance to Rhizoctonia solani in Arabidopsis is compromised by simultane-
ous loss of ethylene, jasmonate and PEN2 mediated defense pathways. Sci. Rep. 2021, 11, 2546. [CrossRef] [PubMed]

97. Hipsch, M.; Lampl, N.; Zelinger, E.; Barda, O.; Waiger, D.; Rosenwasser, S. Sensing stress responses in potato with whole-plant
redox imaging. Plant Physiol. 2021, 187, 618–631. [CrossRef]

98. Nietzel, T.; Elsässer, M.; Ruberti, C.; Steinbeck, J.; Ugalde, J.M.; Fuchs, P.; Wagner, S.; Ostermann, L.; Moseler, A.; Lemke, P.; et al.
The fluorescent protein sensor roGFP2-Orp1 monitors in vivo H2O2 and thiol redox integration and elucidates intracellular H2O2
dynamics during elicitor-induced oxidative burst in Arabidopsis. New Phytol. 2019, 221, 1649–1664. [CrossRef]

http://doi.org/10.1073/pnas.1511570112
http://www.ncbi.nlm.nih.gov/pubmed/26150490
http://doi.org/10.1016/j.devcel.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26120031
http://doi.org/10.7554/eLife.23625
http://www.ncbi.nlm.nih.gov/pubmed/29338837
http://doi.org/10.1104/pp.111.186130
http://doi.org/10.1104/pp.16.00346
http://doi.org/10.1093/jxb/ery130
http://doi.org/10.1093/jxb/ery168
http://doi.org/10.1093/jxb/erw080
http://doi.org/10.1093/plphys/kiaa088
http://www.ncbi.nlm.nih.gov/pubmed/33793940
http://doi.org/10.1098/rstb.2019.0405
http://www.ncbi.nlm.nih.gov/pubmed/32362250
http://doi.org/10.1098/rstb.2013.0226
http://www.ncbi.nlm.nih.gov/pubmed/24591713
http://doi.org/10.1104/pp.108.122796
http://www.ncbi.nlm.nih.gov/pubmed/18678751
http://doi.org/10.1038/ncomms1486
http://doi.org/10.1016/j.plaphy.2019.04.039
http://www.ncbi.nlm.nih.gov/pubmed/31207496
http://doi.org/10.1016/j.freeradbiomed.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29627452
http://doi.org/10.1111/j.1365-313X.2012.04917.x
http://doi.org/10.1016/j.molp.2019.06.003
http://doi.org/10.1104/pp.106.078246
http://doi.org/10.1111/j.1399-3054.2009.01334.x
http://www.ncbi.nlm.nih.gov/pubmed/20051029
http://doi.org/10.1111/j.1365-2818.2008.02030.x
http://www.ncbi.nlm.nih.gov/pubmed/18778428
http://doi.org/10.1111/j.1365-313X.2007.03280.x
http://doi.org/10.1016/j.bbabio.2009.01.020
http://www.ncbi.nlm.nih.gov/pubmed/19366606
http://doi.org/10.1093/plcell/koab068
http://www.ncbi.nlm.nih.gov/pubmed/33624811
http://doi.org/10.1038/s41598-021-81858-5
http://www.ncbi.nlm.nih.gov/pubmed/33510286
http://doi.org/10.1093/plphys/kiab159
http://doi.org/10.1111/nph.15550


Int. J. Mol. Sci. 2022, 23, 5568 13 of 14

99. Fuchs, R.; Kopischke, M.; Klapprodt, C.; Hause, G.; Meyer, A.J.; Schwarzländer, M.; Fricker, M.D.; Lipka, V. Immobilized
subpopulations of leaf epidermal mitochondria mediate PENETRATION2-dependent pathogen entry control in arabidopsis.
Plant Cell 2016, 28, 130–145. [CrossRef]

100. Maughan, S.C.; Pasternak, M.; Cairns, N.; Kiddle, G.; Brach, T.; Jarvis, R.; Haas, F.; Nieuwland, J.; Lim, B.; Müller, C.; et al. Plant
homologs of the Plasmodium falciparum chloroquine-resistance transporter, PfCRT, are required for glutathione homeostasis and
stress responses. Proc. Natl. Acad. Sci. USA 2010, 107, 2331–2336. [CrossRef]

101. Krönauer, C.; Lahaye, T. The flavin monooxygenase Bs3 triggers cell death in plants, impairs growth in yeast and produces H2O2
in vitro. PLoS ONE 2021, 16, e0256217. [CrossRef] [PubMed]

102. Gutscher, M.; Pauleau, A.L.; Marty, L.; Brach, T.; Wabnitz, G.H.; Samstag, Y.; Meyer, A.J.; Dick, T.P. Real-time imaging of the
intracellular glutathione redox potential. Nat. Methods 2008, 5, 553–559. [CrossRef] [PubMed]

103. Marty, L.; Siala, W.; Schwarzländer, M.; Fricker, M.D.; Wirtz, M.; Sweetlove, L.J.; Meyer, Y.; Meyer, A.J.; Reichheld, J.P.; Hell, R.
The NADPH-dependent thioredoxin system constitutes a functional backup for cytosolic glutathione reductase in Arabidopsis.
Proc. Natl. Acad. Sci. USA 2009, 106, 9109–9114. [CrossRef]

104. Albrecht, S.C.; Sobotta, M.C.; Bausewein, D.; Aller, I.; Hell, R.; Dick, T.P.; Meyer, A.J. Redesign of genetically encoded biosensors
for monitoring mitochondrial redox status in a broad range of model eukaryotes. J. Biomol. Screen. 2014, 19, 379–386. [CrossRef]
[PubMed]

105. Aller, I.; Rouhier, N.; Meyer, A.J. Development of roGFP2-derived redox probes for measurement of the glutathione redox
potential in the cytosol of severely glutathione-deficient rml1 seedlings. Front. Plant Sci. 2013, 4, 506. [CrossRef] [PubMed]

106. Costa, A.; Drago, I.; Behera, S.; Zottini, M.; Pizzo, P.; Schroeder, J.I.; Pozzan, T.; Schiavo, F. Lo H2O2 in plant peroxisomes:
An in vivo analysis uncovers a Ca2+-dependent scavenging system. Plant J. 2010, 62, 760–772. [CrossRef]

107. Ugalde, J.M.; Schlößer, M.; Dongois, A.; Martinière, A.; Meyer, A.J. The latest HyPe(r) in plant H2O2 biosensing. Plant Physiol.
2021, 187, 480–484. [CrossRef]

108. Dubreuil-Maurizi, C.; Poinssot, B. Role of glutathione in plant signaling under biotic stress. Plant Signal. Behav. 2012, 7, 210–212.
[CrossRef]

109. Dubreuil-Maurizi, C.; Vitecek, J.; Marty, L.; Branciard, L.; Frettinger, P.; Wendehenne, D.; Meyer, A.J.; Mauch, F.; Poinssot, B.
Glutathione deficiency of the Arabidopsis mutant pad2-1 affects oxidative stress-related events, defense gene expression, and the
hypersensitive response. Plant Physiol. 2011, 157, 2000–2012. [CrossRef]

110. Matern, S.; Peskan-Berghoefer, T.; Gromes, R.; Kiesel, R.V.; Rausch, T. Imposed glutathione-mediated redox switch modulates the
tobacco wound-induced protein kinase and salicylic acid-induced protein kinase activation state and impacts on defence against
Pseudomonas syringae. J. Exp. Bot. 2015, 66, 1935–1950. [CrossRef]

111. Hussain, J.; Chen, J.; Locato, V.; Sabetta, W.; Behera, S.; Cimini, S.; Griggio, F.; Martínez-Jaime, S.; Graf, A.; Bouneb, M.; et al.
Constitutive cyclic GMP accumulation in Arabidopsis thaliana compromises systemic acquired resistance induced by an avirulent
pathogen by modulating local signals. Sci. Rep. 2016, 6, 36423. [CrossRef] [PubMed]

112. Doccula, F.G.; Luoni, L.; Behera, S.; Bonza, M.C.; Costa, A. In vivo analysis of calcium levels and glutathione redox status in
Arabidopsis epidermal leaf cells infected with the hypersensitive response-inducing bacteria pseudomonas. Methods Mol. Biol.
2018, 1743, 125–141. [PubMed]

113. Mencia, R.; Céccoli, G.; Fabro, G.; Torti, P.; Colombatti, F.; Ludwig-Müller, J.; Alvarez, M.E.; Welchen, E. OXR2 increases plant
defense against a hemibiotrophic pathogen via the salicylic acid pathway. Plant Physiol. 2020, 184, 1112–1127. [CrossRef]
[PubMed]

114. Ugalde, J.M.; Fuchs, P.; Nietzel, T.; Cutolo, E.A.; Homagk, M.; Vothknecht, U.C.; Holuigue, L.; Schwarzländer, M.;
Müller-Schüssele, S.J.; Meyer, A.J. Chloroplast-derived photo-oxidative stress causes changes in H2O2 and EGSH in other
subcellular compartments. Plant Physiol. 2021, 186, 125–141. [CrossRef]

115. Exposito-Rodriguez, M.; Laissue, P.P.; Yvon-Durocher, G.; Smirnoff, N.; Mullineaux, P.M. Photosynthesis-dependent H2O2
transfer from chloroplasts to nuclei provides a high-light signalling mechanism. Nat. Commun. 2017, 8, 4. [CrossRef]

116. Kostyuk, A.I.; Panova, A.S.; Kokova, A.D.; Kotova, D.A.; Maltsev, D.I.; Podgorny, O.V.; Belousov, V.V.; Bilan, D.S. In vivo imaging
with genetically encoded redox biosensors. Int. J. Mol. Sci. 2020, 21, 8164. [CrossRef]

117. Sugiura, K.; Yokochi, Y.; Fu, N.; Fukaya, Y.; Yoshida, K.; Mihara, S.; Hisabori, T. The thioredoxin (Trx) redox state sensor protein
can visualize Trx activities in the light/dark response in chloroplasts. J. Biol. Chem. 2019, 294, 12091–12098. [CrossRef]

118. Ortega-Villasante, C.; Burén, S.; Barón-Sola, Á.; Martínez, F.; Hernández, L.E. In vivo ROS and redox potential fluorescent
detection in plants: Present approaches and future perspectives. Methods 2016, 109, 92–104. [CrossRef]

119. Dogra, V.; Kim, C. Singlet oxygen metabolism: From genesis to signaling. Front. Plant Sci. 2020, 10, 1640. [CrossRef]
120. Asada, K. The water-water cycle in chloroplasts: Scavenging of active oxygens and dissipation of excess photons. Annu. Rev.

Plant Biol. 1999, 50, 601–639. [CrossRef]
121. Awad, J.; Stotz, H.U.; Fekete, A.; Krischke, M.; Engert, C.; Havaux, M.; Berger, S.; Mueller, M.J. 2-cysteine peroxiredoxins and

thylakoid ascorbate peroxidase create awater-water cycle that is essential to protect the photosynthetic apparatus under high
light stress conditions. Plant Physiol. 2015, 167, 1592–1603. [CrossRef] [PubMed]

122. Murgia, I.; Tarantino, D.; Vannini, C.; Bracale, M.; Carravieri, S.; Soave, C. Arabidopsis thaliana plants overexpressing thylakoidal
ascorbate peroxidase show increased resistance to paraquat-induced photooxidative stress and to nitric oxide-induced cell death.
Plant J. 2004, 38, 940–953. [CrossRef] [PubMed]

http://doi.org/10.1105/tpc.15.00887
http://doi.org/10.1073/pnas.0913689107
http://doi.org/10.1371/journal.pone.0256217
http://www.ncbi.nlm.nih.gov/pubmed/34411175
http://doi.org/10.1038/nmeth.1212
http://www.ncbi.nlm.nih.gov/pubmed/18469822
http://doi.org/10.1073/pnas.0900206106
http://doi.org/10.1177/1087057113499634
http://www.ncbi.nlm.nih.gov/pubmed/23954927
http://doi.org/10.3389/fpls.2013.00506
http://www.ncbi.nlm.nih.gov/pubmed/24379821
http://doi.org/10.1111/j.1365-313X.2010.04190.x
http://doi.org/10.1093/plphys/kiab306
http://doi.org/10.4161/psb.18831
http://doi.org/10.1104/pp.111.182667
http://doi.org/10.1093/jxb/eru546
http://doi.org/10.1038/srep36423
http://www.ncbi.nlm.nih.gov/pubmed/27811978
http://www.ncbi.nlm.nih.gov/pubmed/29332292
http://doi.org/10.1104/pp.19.01351
http://www.ncbi.nlm.nih.gov/pubmed/32727912
http://doi.org/10.1093/plphys/kiaa095
http://doi.org/10.1038/s41467-017-00074-w
http://doi.org/10.3390/ijms21218164
http://doi.org/10.1074/jbc.RA119.007616
http://doi.org/10.1016/j.ymeth.2016.07.009
http://doi.org/10.3389/fpls.2019.01640
http://doi.org/10.1146/annurev.arplant.50.1.601
http://doi.org/10.1104/pp.114.255356
http://www.ncbi.nlm.nih.gov/pubmed/25667319
http://doi.org/10.1111/j.1365-313X.2004.02092.x
http://www.ncbi.nlm.nih.gov/pubmed/15165186


Int. J. Mol. Sci. 2022, 23, 5568 14 of 14

123. Tognetti, V.B.; Palatnik, J.F.; Fillat, M.F.; Melzer, M.; Hajirezaei, M.R.; Valle, E.M.; Carrillo, N. Functional replacement of ferredoxin
by a cyanobacterial flavodoxin in tobacco confers broad-range stress tolerance. Plant Cell 2006, 18, 2035–2050. [CrossRef]
[PubMed]

124. Tognetti, V.B.; Zurbriggen, M.D.; Morandi, E.N.; Fillat, M.F.; Valle, E.M.; Hajirezaei, M.R.; Carrillo, N. Enhanced plant tolerance to
iron starvation by functional substitution of chloroplast ferredoxin with a bacterial flavodoxin. Proc. Natl. Acad. Sci. USA 2007,
104, 11495–11500. [CrossRef] [PubMed]

125. Zurbriggen, M.D.; Tognetti, V.B.; Fillat, M.F.; Hajirezaei, M.R.; Valle, E.M.; Carrillo, N. Combating stress with flavodoxin:
A promising route for crop improvement. Trends Biotechnol. 2008, 26, 531–537. [CrossRef] [PubMed]

126. Coba de la Peña, T.; Redondo, F.J.; Manrique, E.; Lucas, M.M.; Pueyo, J.J. Nitrogen fixation persists under conditions of salt stress
in transgenic Medicago truncatula plants expressing a cyanobacterial flavodoxin. Plant Biotechnol. J. 2010, 8, 954–965. [CrossRef]

127. Li, Z.; Yuan, S.; Jia, H.; Gao, F.; Zhou, M.; Yuan, N.; Wu, P.; Hu, Q.; Sun, D.; Luo, H. Ectopic expression of a cyanobacterial
flavodoxin in creeping bentgrass impacts plant development and confers broad abiotic stress tolerance. Plant Biotechnol. J. 2017,
15, 433–446. [CrossRef]

128. Pierella Karlusich, J.J.; Arce, R.C.; Shahinnia, F.; Sonnewald, S.; Sonnewald, U.; Zurbriggen, M.D.; Hajirezaei, M.R.; Carrillo, N.
Transcriptional and metabolic profiling of potato plants expressing a plastid-targeted electron shuttle reveal modulation of genes
associated to drought tolerance by chloroplast redox poise. Int. J. Mol. Sci. 2020, 21, 7199. [CrossRef]

129. Fahnenstich, H.; Scarpeci, T.E.; Valle, E.M.; Flügge, U.I.; Maurino, V.G. Generation of hydrogen peroxide in chloroplasts of
arabidopsis overexpressing glycolate oxidase as an inducible system to study oxidative stress. Plant Physiol. 2008, 148, 719–729.
[CrossRef]

130. Schmidt, A.; Mächtel, R.; Ammon, A.; Engelsdorf, T.; Schmitz, J.; Maurino, V.G.; Voll, L.M. Reactive oxygen species dosage in
Arabidopsis chloroplasts can improve resistance towards Colletotrichum higginsianum by the induction of WRKY33. New Phytol.
2020, 226, 189–204. [CrossRef]

131. Meskauskiene, R.; Nater, M.; Goslings, D.; Kessler, F.; Op den Camp, R.; Apel, K. FLU: A negative regulator of chlorophyll
biosynthesis in arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2001, 98, 12826–12831. [CrossRef] [PubMed]

132. Scarpeci, T.E.; Zanor, M.I.; Carrillo, N.; Mueller-Roeber, B.; Valle, E.M. Generation of superoxide anion in chloroplasts of
Arabidopsis thaliana during active photosynthesis: A focus on rapidly induced genes. Plant Mol. Biol. 2008, 66, 361–378. [CrossRef]
[PubMed]

133. Mano, J.; Ohno, C.; Domae, Y.; Asada, K. Chloroplastic ascorbate peroxidase is the primary target of methylviologen-induced
photooxidative stress in spinach leaves: Its relevance to monodehydroascorbate radical detected with in vivo ESR. Biochim.
Biophys. Acta—Bioenerg. 2001, 1504, 275–287. [CrossRef]

134. Abdollahi, H.; Ghahremani, Z. The role of chloroplasts in the interaction between Erwinia amylovora and host plants. Acta Hortic.
2011, 896, 215–222. [CrossRef]

135. Levak, V.; Lukan, T.; Gruden, K.; Coll, A. Biosensors: A sneak peek into plant cell’s immunity. Life 2021, 11, 209. [CrossRef]
[PubMed]

http://doi.org/10.1105/tpc.106.042424
http://www.ncbi.nlm.nih.gov/pubmed/16829589
http://doi.org/10.1073/pnas.0704553104
http://www.ncbi.nlm.nih.gov/pubmed/17592141
http://doi.org/10.1016/j.tibtech.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18706721
http://doi.org/10.1111/j.1467-7652.2010.00519.x
http://doi.org/10.1111/pbi.12638
http://doi.org/10.3390/ijms21197199
http://doi.org/10.1104/pp.108.126789
http://doi.org/10.1111/nph.16332
http://doi.org/10.1073/pnas.221252798
http://www.ncbi.nlm.nih.gov/pubmed/11606728
http://doi.org/10.1007/s11103-007-9274-4
http://www.ncbi.nlm.nih.gov/pubmed/18158584
http://doi.org/10.1016/S0005-2728(00)00256-5
http://doi.org/10.17660/ActaHortic.2011.896.28
http://doi.org/10.3390/life11030209
http://www.ncbi.nlm.nih.gov/pubmed/33800034

	Reactive Oxygen Species as One of the Earliest Hallmarks of Plant Immune Response 
	Crosstalk between RBOHD-Derived Reactive Oxygen Species and Salicylic Acid in Programmed Cell Death and Resistance 
	Chloroplastic Reactive Oxygen Species Play a Role in the Signaling for Programmed Cell Death and Induce SA-Dependent Transcription of Immune Genes 
	Reactive Oxygen Species of Different Source and Type Induce Diverse Transcriptional Responses 
	Tools for Studying Redox State with High Spatiotemporal Resolution with Focus on Cytoplasmic and Chloroplastic Redox State in Hypersensitive Response 
	Conclusions 
	References

