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Abstract: Glutathione and reactive oxygen species (ROS) play important roles, within different cell
compartments, in activating plant defense and the development of resistance. In mitochondria,
the accumulation of ROS and the change of glutathione towards its oxidized state leads to
mitochondrial dysfunction, activates cell death, and triggers resistance. The accumulation of
glutathione in chloroplasts and peroxisomes at the early stages of plant pathogen interactions
is related to increased tolerance and resistance. The collapse of the antioxidative system in these two
cell compartments at the later stages leads to cell death through retrograde signaling. The cytosol
can be considered to be the switchboard during biotic stress where glutathione is synthesized,
equally distributed to, and collected from different cell compartments. Changes in the redox state
of glutathione and the accumulation of ROS in the cytosol during biotic stress can initiate the
activation of defense genes in nuclei through pathways that involve salicylic acid, jasmonic acid,
auxins, and abscisic acid. This review dissects the roles of glutathione in individual organelles during
compatible and incompatible bacterial, fungal, and viral diseases in plants and explores the subcelluar
roles of ROS, glutathione, ascorbate, and related enzymes in the development of resistance.

Keywords: antioxidants; arabidopsis; chloroplasts; glutathione; mitochondria; reactive oxygen
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1. Introduction

Plants are constantly attacked by a wide range of pathogens that threaten their existence.
Thus, they have developed a sophisticated network of defense to protect themselves from developing
diseases [1-3]. Physical adaptations, such as thickening of cell walls, keep the invaders outside [4].
For some pathogens these barriers are ineffective, and once inside, the plant activates chemical
pathways to fight the dangerous invaders [1-8]. Some pathogens, such as necrotrophic fungi and
bacteria, kill their hosts and prey on the nutrients of the plants [9-11]. Others, such as biotrophic fungi
or bacteria live in a mutualistic relationship with the plant from which both partners benefit without
killing each other [12-15]. Some fungi switch from a biotrophic to a necrotrophic relationship during
their lifetime [16,17]. Bacteria have a similar relationship with the plant and can be necrotrophic,
biotrophic, or both. They mostly live in the apoplastic space where they prey on the nutrients of the
plant. However, some can also enter its cells [14,18,19]. Viruses, on the other hand, which cannot live
on their own, depend on the machinery of living cells and generally keep their hosts alive as long as
possible. Thus, viral infections are often latent in plants and rarely end in the death of the plant [20,21].
Viruses enter plants through wounds or cracks or get injected by aphids. The virus then spreads rapidly
throughout the whole plant, multiplies inside its cells, and alters their metabolism which leads to
impairments in growth and reproduction or death [20,22-25]. Considering the wide range, amount,
and interactions of pathogens with plants it becomes obvious that plant pathogen interactions involve
many complex pathways on the cellular level. Over the past few decades, many (groups of) agents
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have established themselves as important strategic players in the defense of plants against pathogens
such as antioxidants, lipids, reactive oxygen species (ROS), salicylic acid (SA), jasmonic acid (JA) and
many more [8,26-29]. Among these agents glutathione plays a very important dual role. It keeps
ROS, which often accumulate during biotic stress, under control and therefore, reduces damage to the
cells [27,30]. It also activates defense pathways against pathogens by mediating between ROS, SA, JA,
and ethylene [27,30-38]. Pathogen infections induce a wide variety of ROS, such as singlet oxygen,
superoxide anions, hydrogen peroxide, hydroxyl, and nitrous oxides, which can accumulate in all
cell compartments. If not detoxified ROS can oxidize lipids, inhibit enzymes, inactivate biomolecules,
and damage proteins, RNA, and DNA. ROS are detoxified either through enzymes (e.g., catalase,
peroxidases, superoxide dismutase, etc.) or through non-enzymatic antioxidants such as glutathione
and ascorbate. Glutathione and ascorbate can detoxify ROS, either directly or indirectly, through the
ascorbate-glutathione cycle [39-42] (Figure 1).
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Figure 1. Ascorbate-glutathione cycle. Within the plant cell hydrogen peroxide (H,O;) is detoxified by
ascorbate peroxidase (APX). Through this reaction, the reduced form of ascorbate (Asc) is oxidized to
monodehydroascorbate (MDHA). MDHA is then further reduced by monodehydroascorbate reductase
(MDHAR) to Asc, or reacts to dehydroascorbate (DHA). DHA is reduced by dehydroascorbate
reductase (DHAR) to Asc. Through this reaction, the reduced form of glutathione (GSH) is oxidized to
glutathionedisulfide (GSSG). GSSG is then reduced by glutathione reductase (GR) to GSH. The electron
acceptor NADP is regenerated during the reduction of MDHA and GSSG by the respective enzymes.

Inside non-stressed cells glutathione occurs up to 90% in its reduced form (GSH) and up to 10% in its
oxidized form (GSSG). Glutathione contents vary strongly within cells (Figure 2) with highest contents
in mitochondria (15 mM) followed by nuclei (6.4 mM), the cytosol (4.5 mM), peroxisomes (4.4 mM),
chloroplasts (1.2 mM), vacuoles (0.08 mM), and the apoplast (0.0003 mM). Stress situations, such as the
infection of plants with pathogens, often induce oxidative stress which changes glutathione contents
and the ratio of glutathione toward the oxidized form [33,43,44]. Such changes in the redox state of
the cell can then signal stress and activate plant defense through different defense pathways [33].
During compatible plant pathogen interaction, when the invader spreads systemically throughout
the whole plant, the main role of glutathione seems to be to protect the plant against oxidative
damage by keeping ROS under control, which could otherwise lead to the death of the plant [27].
Nevertheless, glutathione, ascorbate, and antioxidative enzymes often fail to efficiently detoxify ROS
during susceptible plant pathogen interactions [43-46], which leads to the spread of the pathogen
throughout the plant and to the development of systemic symptoms [47,48]. During incompatible
plant pathogen interaction, when the pathogen is unable to spread throughout the plant, the main
role of glutathione seems to be stress signaling and activation of plant stress responses [27,30,32-35].
Many incompatible plant pathogen interactions are characterized by a hypersensitive response (HR),
which includes the accumulation of ROS and subsequently local cell death, which limits the spread of
the diseases and activates defense pathways that lead to resistance [27,30,49,50]. Glutathione contents
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often increase during HR and the redox state becomes more oxidized, which switches on plant
defense genes and results in resistance [33,44]. These two roles of glutathione (protection against
ROS and mediation of the activation of defense genes) are essential for the protection of plants
during compatible and incompatible reactions. For example, during compatible infection of tomato
plants with Pseudomonas syringae, decreased GSH contents and the accumulation of GSSG were
observed in the susceptible species, while GSH pool homeostasis was maintained in the resistant
cultivar [43]. During the mutualistic fungal infection of Blumeria graminis glutathione contents remained
largely unaffected [51] or were too low to keep the accumulation of H,O, under control [45,46].
GSH contents on the other hand strongly accumulated in Arabidopsis plants during the infection
with the necrotrophic fungi Botrytis cinerea in order to counteract oxidative stress induced to kill
the plant [52]. During Zucchini Yellow Mosaic Virus (ZYMV)-infection, a tolerant pumpkin species
showed a much stronger accumulation of glutathione 14 days post inoculation (dpi) and a lack of
symptoms development [53] when compared to the susceptible species, which showed much lower
glutathione accumulation and developed stronger symptoms [54,55]. The importance of glutathione in
the development of resistance against pathogen infections is further supported by several studies that
demonstrated that the artificial elevation of glutathione resulted in the activation of defense genes,
decreased virus contents, and reduced symptom development [32-35,55-59].
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Figure 2. Compartment-specific concentrations of glutathione in non-stressed Arabidopsis Col-0
plants. Transmission electron micrograph of a leaf cell with overlay of compartment-specific
concentrations of glutathione for chloroplasts (C), the cytosol (Cyt), mitochondria (M), nuclei (N),
peroxisomes (Px), and the vacuoles (V). Glutathione contents were determined by using a combination
of biochemical measurements and cytohistochemical detection of glutathione by transmission electron
microscopy [60]. As glutathione could not be detected in the apoplast (A) with cytohistochemical
methods, concentrations in the apoplast were taken from a study where glutathione concentrations
were measured with biochemical methods after extraction of soluble apoplastic glutathione [45].

Most knowledge of the above-mentioned pathways has been obtained from investigations of
whole organs or whole plants. Nevertheless, glutathione metabolism is highly compartment specific.
It is synthesized in chloroplasts and the cytosol [61], but it is degraded in the apoplast, the cytosol,
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and in vacuoles [62-64]. After production, glutathione transporters distribute glutathione among all
cell compartments [65]. In non-stressed cells glutathione contents differ strongly among different
cell compartments with highest concentrations in mitochondria, followed by nuclei, the cytosol,
peroxisomes, chloroplasts, vacuoles, and the apoplast [66]. This distribution changes drastically
during stress situations, and depending on the stressor different compartments can be affected
differently. For example, stress that targets chloroplasts (e.g., high light, drought) causes massive
changes in glutathione contents in these cell compartments while other compartments are not or
less affected [66—68]. Thus, subcellular changes in glutathione contents can give valuable information
about the response of plants to the respective stress and can be used as a subcellular stress marker.
The aim of this review is to summarize the data available in the literature about the subcellular role of
glutathione during biotic stress situations and to dissect the mechanisms it plays in the protection of
plants against different pathogens.

2. Fungal Infections

Fungi invade plant tissue by spreading hyphae from the surface throughout the infected tissue.
Openings like stomata and cracks are preferred points of entry but the hyphae can also grow into
intact epidermis cells [9-12,69]. Plant-fungi-interactions can be generally divided into two major
groups: biotrophic and necrotrophic. Biotrophic interactions are characterized by a mutualistic
relationship between the plant and the fungi. The fungi feeds from nutrients that the plant provides.
In some cases, the fungi also provides benefits to the plant [12,13,15]. The underlining mechanisms
of such interactions are that the fungi masks its appearance and that the plant does not recognize
its presence. Thus, the plant does not activate its defense or reduces its defenses to an extent that it
keeps the fungal infection under control. Some biotrophic fungi can also turn into necrotrophic fungi
during their life span [13,17,69,70]. Necrotrophic interactions are characterized by the complete
destruction of the plant by the fungi. The fungi then preys on the dead plant material [9-11].
The rapid accumulation of ROS, also called HR, in the early stages of plant-fungi interaction is
a common response of plants to fight off fungal pathogens [49,50]. As GSH detoxifies ROS, it is not
surprising that changes in glutathione contents are commonly observed during these stages of fungal
infections [44—46,52]. Nor is it surprising that the artificial elevation of glutathione through external
application of GSH and L-2-oxothiazolidine-4-carboxylic acid (OTC) enhanced basal resistance against
powdery mildew infection [34].

On the cellular level, the first line of defense in plants against fungi is the apoplast. A strong
accumulation of ROS in the apoplast is a common response of the plant against the fungi [52], which is
aimed to directly kill the hyphae and to activate plant defense [4,71]. During these early stages of
infection, glutathione plays important signaling roles in the apoplast. In oat and barley plants, a strong
increase of glutathione and ascorbate contents in the apoplast was associated with resistance against
the biotrophic fungi powdery mildew (Blumeria graminis). Decreased glutathione and ascorbate levels
but higher activity of superoxide dismutase, catalase, APX, GR, DHAR, MDHAR, and GR were found
in the apoplast of the susceptible plants [45,46]. These results indicate that glutathione (and ascorbate)
fulfill important signaling roles in the apoplast leading to resistance. Similar results were obtained in
tobacco plants inoculated with powdery mildew where the artificial elevation of glutathione through
injection of GSH into the apoplast enhanced basal resistance against Euoidium longipes [34]. The essential
role of glutathione in the apoplast for signaling plant defense against fungal pathogens is supported
by the absence of glutathione in the apoplast during necrotrophic fungal infection, which results in
plant death [52]. Even though a strong accumulation of H,O, was observed in the apoplast at the
early stages of infection of Arabidopsis plants with the necrotrophic fungi Botrytis cinerea, glutathione
remained absent from the apoplast throughout the infection [52]. Interestingly, glutathione contents
in the apoplast were not detected, or were very low, during Blumeria graminis infection and could not
control HyO, accumulation in the HR type of resistance [45,46]. Thus, it seems that, in the apoplast,
glutathione and/or its redox state (which becomes more oxidized during HR) serves important roles
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as a defense-signaling agent rather than as an antioxidant antagonizing ROS accumulation during
fungal infection.

As already pointed out, glutathione does not play important signaling and protective roles in the
apoplast during necrotrophic Botrytis cinerea infection in Arabidopsis [52]. In this study the authors
put a drop of fungal spores on an Arabidopsis leaf and monitored glutathione levels in cells at,
and adjacent to, the infection site. While the infection site showed strong symptoms such as necrosis
48 h post inoculation (hpi), the area adjacent to the infection site showed only minor symptoms
such as chlorosis at this stage. All cell compartments, except mitochondria, showed a strong increase
in glutathione contents, 12 hpi and 48 hpi at the infection site and 48 hpi in cells adjacent of the
infection site (Table 1). In contrast, ascorbate contents were strongly decreased at the infection site
in all cell compartments [52]. The decrease of glutathione and ascorbate contents in mitochondria,
at the later stages of infection, was correlated with an accumulation of HyO, [52]. A similar situation
was also found in Botrytis cinerea infected tomato plants. In this case, a strong decrease of glutathione
and ascorbate contents in mitochondria was accompanied with the accumulation of GSSG, DHA,
and pathogen induced senescence [44]. On top of that, the activity of APX, DHAR, and MDHAR
was strongly reduced in mitochondria as well. Based on these studies, it can be concluded that the
breakdown of the antioxidative system in mitochondria leads to the accumulation of ROS during
Botrytis cinerea infection. Such circumstances then lead to the loss of outer membrane integrity of
mitochondria and the release of proteins to the cytosol, which results in programmed cell death [72-74].

Table 1. Changes in percentage of subcellular glutathione contents in Arabidopsis infected with
Botrytis cinerea. Glutathione contents were determined at different hours, post inoculation (hpi), in cells
at the infection site (tissue underneath the drop containing spores), adjacent to the infection site,
and compared to the control [52]. Significant differences were calculated using the Mann-Whitney
U-test; ** and ***, respectively, indicate significance at the 0.01 and 0.001 levels of confidence; ns = not
significantly different.

Botrytis cinerea

Infection site Adjacent to Infection Site
12 hpi 48 hpi 12 hpi 48 hpi
Mitochondria ns —39 *** ns ns
Chloroplasts 141 *** 92 *** ns 358 ***
Nuclei 79 *** ns ns 132 ***
Peroxisomes 122 ** ns 93 *** 227 ***
Cytosol 132 ** ns ns 95 ***

Another interesting aspect during Botrytis cinerea infection was that chloroplasts showed the
strongest increase in glutathione contents throughout the infection, while ascorbate contents depleted
in chloroplasts. Despite the accumulation of glutathione in chloroplasts, HyO, accumulated at
the later stages in this cell compartment indicating that GSH was not able to keep H,O, under
control [52]. Similar results were collected in tomato plants infected with the fungal pathogen Botrytis
cinerea. In this case, the collapse of the antioxidative system (decreased glutathione and ascorbate
contents, decreased MDHAR activity) and the accumulation of GSSG and DHA in chloroplasts and
peroxisomes was associated with pathogen induced leaf senescence [44]. The results of these studies
clearly demonstrate that high levels of glutathione in chloroplasts and peroxisomes counteract ROS
accumulation during Botrytis cinerea infection. When glutathione fails to keep ROS in chloroplasts
and peroxisomes under control systemic symptoms and cell death are initiated through retrograde
signaling [44,52,75,76]. Besides the accumulation of glutathione in chloroplasts during pathogen attack,
its redox state is also of great importance for the development of resistance. The accumulation of GSSG
and DHA in mitochondria, chloroplasts, and peroxisomes was correlated with symptom development
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and senescence in Botrytis cinerea infected tomato plants [44]. It has been demonstrated that the
overexpression of plastidial GR increased total glutathione contents and enhanced resistance in wheat
against Blumeria graminis [51]. It was concluded by the authors that the overexpression of GR increased
the ratio of glutathione towards GSH. The change of the cytosolic redox state reduced NPR1 to a
monomer, which subsequently led to the activation of SA mediated PR genes when imported into
the nucleus [51].

Summing up, apoplastic glutathione contents are involved in signaling and activating plant defense
during biotrophic, but not necrotrophic, plant fungi interaction. The breakdown of the antioxidative
system in mitochondria during necrotrophic plant fungal interactions results in the accumulation of
ROS, disruption of the integrity of mitochondria, and the release of proteins into the cytosol, which
triggers cell death. The most important roles of glutathione in chloroplasts and peroxisomes during
fungal infection is to keep ROS under control and to activate plant defense. When glutathione fails
to keep ROS in chloroplasts and peroxisomes under control, systemic symptoms and cell death are
initiated through retrograde signaling. When glutathione accumulates and its redox state is maintained
in the chloroplasts, plant defense is activated through SA mediated pathways.

3. Bacterial Infections

Bacteria are single-celled organisms that enter plants through wounds or cracks and live off the
nutrients provided by the plant. In mutualistic relationships, bacteria can supply nutrients to the plant
and even offer first line defense against other pathogens [14,15,18]. Necrotrophic bacteria, on the other
hand, feed off the nutrients from the plant while the toxins they release slowly kill the plant [9,19].
Most bacteria live in the apoplastic space where they live off the nutrients of the plant. However, some
can also enter into cells [14,18,19,77].

Considering that most bacteria live in the apoplast of the plant, one would expect that changes
in apoplastic glutathione contents would be a logical response of plants during bacterial infections.
Nevertheless, despite a massive increase of ROS throughout the leaf, glutathione and ascorbate could
not be detected in the apoplast of Arabidopsis plants inoculated with Pseudomonas syringae [75].
These results indicate that glutathione in the apoplast does not play an important role to keep H,O,
under control during bacterial infection. Inside the cell, strong changes in glutathione contents could
be observed in Arabidopsis plants after a solution of Pseudomonas syringae was injected into the
leaves (Table 2) [75]. While symptoms, such as yellowing and ROS accumulation in plants inoculated
with the avirulent strain, were observed as early as 12 hpi, plants inoculated with the virulent
strain showed first symptoms at a later stage (24 hpi). This was also accompanied by a much lower
accumulation of ROS and slower development of symptoms throughout the experiment. Accordingly,
plants infected with the avirulent strain showed a strong increase of glutathione and ascorbate,
12 hpi in all cell compartments, while the virulent strain showed delayed glutathione accumulation,
24 hpi (Table 2). The infection of tomato plants with Pseudomonas syringae induced a strong drop
of GSH contents and the accumulation of GSSG which was accompanied with the development of
necrotic lesions. Such effects could not be found in the resistant cultivar, which did not develop
lesions and where glutathione and ascorbate homeostasis was maintained. Ascorbate contents and
the activity of GR, APX, and glutathione peroxidase in the resistant cultivar mostly mimicked the
situation in the controls [43]. Thus, these results demonstrate that elevated glutathione contents
and the accumulation of ROS play an important role in activating plant defense against avirulent
Pseudomonas syringae infection. Avirulence is generally characterized by an oxidative burst starting very
early during the infection. This HR leads to local cell death which inhibits the spread of the disease
and also activates plant defense throughout the plant [27,30,49,50]. In this respect, it is interesting
that glutathione contents strongly increased in all cell compartments 12 hpi, which correlated well
with the occurrence of ROS and first symptoms. At 24 hpi, when first necrotic lesions and a strong
accumulation of ROS appeared on the leave infected with the avirulent strain, glutathione contents in
mitochondria and chloroplasts dropped relatively to the situation at 12 hpi, while it increased in all
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other cell compartments [75]. As demonstrated in Pseudomonas syringae infected Arabidopsis mutants,
an appropriate oxidized glutathione status and the depletion of glutathione contents triggered by
oxidative stress is responsible for the induction of resistance through the accumulation of SA and the
induction of PR genes [33]. Thus, the above described results clearly demonstrate that the ROS induced
depletion of glutathione in mitochondria and chloroplasts and its change towards a more oxidative
state is the main trigger for plant defense against avirulent Pseudomonas syringae infection [33,73]. In this
respect it has also been demonstrated that mitochondrial dysfunction induced by ROS, activates cell
death, initiates plant defense, and triggers resistance [72,74].

Table 2. Changes in percentage of subcellular glutathione contents in Arabidopsis infected with
Pseudomonas syringae. Glutathione contents were determined at different hours post inoculation (hpi)
in plants infected with a virulent and avirulent strain of Pseudomonas syringae pv. tomato DC3000
and compared to the control [75]. Significant differences were calculated with the Kruskal-Wallis test
followed by post-hoc comparison according to Conover at p < 0.05. * indicates significance at the
0.05 level of confidence; ns = not significantly different.

Pseudomonas syringae

Virulent Avirulent
12 hpi 24 hpi 48 hpi 12 hpi 24 hpi 48 hpi
Mitochondria 44 % ns -29* 29 * ns ns
Chloroplasts 73 % 133 * —48 * 25% ns —40*
Nuclei ns 158 * 70* 53* 70 % 38*
Peroxisomes ns 452 * —48 * 139 * 258 * -39 *
Cytosol ns 307 * ns 143 * 160 * —41*

It is also important to mention that glutathione contents showed a massive increase in peroxisomes
in the early stages of virulent and avirulent Pseudomonas syringae infection (Table 2). The importance of
peroxisomes for plant defense has also been highlighted in a study using catalase deficient Arabidopsis
mutants infected with a virulent strain of Pseudomonas syringae [33]. These mutants contain enhanced
photorespiratory H,O, levels which trigger the induction of pathogen related defense genes and
cell death [21,33,73,78,79]. The activation of plant defense during Pseudomonas syringae infection
under these circumstances was correlated with the accumulation of GSSG and the activation of SA
signaling, which led to reduced bacterial growth [33]. Blocking glutathione oxidation and accumulation,
strongly reduced plant defense, inhibited lesion formation, and led to bacterial growth similar to
the control [33]. These results clearly indicate that in situations of catalase deficiency in peroxisomes,
GSSG and HyO, accumulate and activate plant defense through SA-mediated pathways.

Summing up, glutathione does not play important roles in the apoplast to activate or signal plant
defense against bacterial infections. The depletion of glutathione in mitochondria and chloroplasts
and its change towards a more oxidative state is the main trigger for plant defense against avirulent
Pseudomonas syringae infection. The accumulation of glutathione in peroxisomes and a shift towards its
oxidized state activates plant defense through SA-mediated pathways.

4. Viral Infections

Unlike bacteria and fungi, viruses cannot survive, reproduce, or spread without a host. They do
not prey on nutrients from the plant but use its cells for reproduction. Thus, viruses tend to not kill
their hosts but impair their metabolism which can lead to stunted growth, discoloration of leaves,
deformations of fruits, etc. [22,56,80-82]. Many studies have shown that elevated glutathione levels lead
to improved disease resistance against viruses. The artificial increase of glutathione by OTC and sulfur
treatment inhibited symptom development and decreased virus contents in Zucchini Yellow Mosaic
Virus (ZYMV)-infected pumpkin plants [54,55] and Tobacco Mosaic Virus (TMV) infected tobacco
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plants [58,59], respectively. OTC pretreatment also induced partial protection against Plum Pox virus
(PPV) in pea plants [56] and against TMV in tobacco plants [35]. Elevated glutathione contents could
also be correlated in tobacco plants with an increase of defense-related genes and proteins [35,58,59].
Additionally, a tolerant pumpkin species, which did not develop symptoms but contained virions in
the sap and typical ultrastructural alterations of ZYMV-disease, showed a much stronger accumulation
of glutathione in leaves [53] than the susceptible species, which showed strong symptoms of ZYMV
14 dpi [54]. The mechanisms behind the suppressing effects of glutathione on symptom development
and virus contents lay in the activation and modulation of defense genes. The application of glutathione
in Arabidopsis plants led to the accumulation of the resistance marker protein PR-1 while the inhibition
of glutathione synthesis suppressed the expression of the PR-1 gene [83]. Treating tobacco plants with
sulfur increased glutathione contents, activated the expression of several PR genes, and decreased
symptom development and virus contents [58,59]. Similar results were obtained in tobacco plants
infected with TMV where the artificial elevation of glutathione through external application of GSH
and OTC induced resistance through the overexpression of several PR genes and elevated levels of
SA [35]. A similar study in tobacco plants demonstrated that high glutathione levels could be correlated
with the overexpression of several defense related genes and proteins. It also activated plant defense
through PR-1 gene induction and SA accumulation [32,33,84]. These results clearly demonstrate that
the accumulation of glutathione during viral infection activates plant defense, through the expression
of PR-1 genes and SA-mediated, pathways and leads to resistance.

While the positive effects of glutathione on symptom development during viral infections
are well established, the role of glutathione on the subcellular level are more difficult to dissect.
A tolerant pumpkin cultivar, which did not develop symptoms of ZYMV-disease but contained
virions and ZYMV-induced ultrastructural alterations, showed a much stronger increase of glutathione
contents in all cell compartments than the susceptible species [53,54]. On the cellular level, the most
striking difference can be found in mitochondria where the tolerant species showed a 57% increase of
glutathione contents while the susceptible showed a slight decrease (Table 3). These results suggest
that the accumulation of glutathione in mitochondria plays an important role in the development of
tolerance resulting in a lack of symptom development and decreased virus contents in this cultivar [53].
It was shown during necrotrophic fungal and avirulent bacterial infection that the accumulation of GSSG
in mitochondria, a shift towards its oxidized form, and the accumulation of ROS [33,44,58,75] induced
mitochondrial dysfunction and activated cell death [33,72,74]. Thus, it is very likely that the same
mechanisms can be applied during ZYMV-infection as well. Furthermore, the decrease of glutathione
contents in mitochondria led to symptom development in the susceptible species [49], while elevated
glutathione levels induced resistance in the tolerant species [48]. In contrast to these results, glutathione
contents were decreased in mitochondria of tobacco plants during incompatible TMV-infection
4 dpi while glutathione contents were increased or unchanged in all other cell compartments [58].
These results could be correlated with HR indicating a massive accumulation of ROS resulting in
the development of lesions. On top of that, a strong induction of several NPR genes and systemic
resistance were observed during this interaction [58]. Thus, it is very likely that the accumulation of ROS
triggered by insulfficient protection of glutathione in mitochondria, activated cell death, which triggered
resistance as observed during other plant pathogen interactions [32,33,51].

In this respect, the increase of glutathione contents after ZYMV-infection in the tolerant species
was much higher in chloroplasts (163%) and peroxisomes (247%) than in the susceptible species
(Table 3) [53]. Tobacco plants susceptible to TMV showed the strongest increase in glutathione
contents in chloroplasts and peroxisomes among all cell compartments, 7 dpi with TMV [58].
During viral infections, chloroplasts are especially vulnerable as viruses negatively interfere with
photosynthesis, decrease chlorophyll and thylakoid contents, and induce the accumulation of ROS
in chloroplasts [56,85-87]. Changes in chloroplast ultrastructure such as the decrease in number
of chloroplasts, and thylakoid and chlorophyll content, then lead to symptoms such as yellowing
and yellow mosaic on the leaves [56,59,87]. Thus, the accumulation of glutathione in chloroplasts
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(and peroxisomes) during viral infection counteracts ROS accumulation and protects plants from
the effects of oxidative damage [53,56,58]. The lack of symptoms of the tolerant ZYMV-infected
species, which showed much higher levels of glutathione in chloroplasts and peroxisomes than the
susceptible one, supports these claims [53,54]. The importance of glutathione in chloroplasts is also
supported by results obtained in OTC-treated plants which showed 135% higher glutathione contents
immediately after OTC-treatment, which resulted in a delayed symptom development and decreased
virus contents [55]. After ZYMV-infection, chloroplasts in these plants contained 39% higher glutathione
levels than untreated ZYMV-infected plants while all other cell compartments showed unchanged
glutathione levels Table 3.

Table 3. Changes in percentage of subcellular glutathione contents during Zucchini Yellow Mosaic
Virus (ZYMV) and Tobacco Mosaic Virus (TMV) infection. Glutathione contents were determined at
different days post inoculation (dpi) in OTC-treated, susceptible, and tolerant ZYMV-infected pumpkin
and susceptible and resistant TMV-infected tobacco plants and compared to the control [55,58,59].
Significant differences were calculated using the Mann-Whitney U-test; *, ** and ***, respectively,
indicate significance at the 0.05, 0.01 and 0.001 levels of confidence; ns = not significantly different.
OTC = L-2-oxothiazolidine-4-carboxylic acid.

ZYMV ™V
Susceptible (14 dpi) Tolerant (14 dpi) Susceptible Resistant

OTC 7 dpi 14 dpi 1dpi 4 dpi

Mitochondria ns ns 57 ** 125*** 358 ** ns -17*
Chloroplasts 50* 39* 163 *** 246 %  -234* ns 39*
Nuclei 115* ns 202 *** 203 *** ns 26 % 28 %
Peroxisomes 81* ns 247 *** 265 *** 88 *** ns ns
Cytosol 195 * ns 163 *** 195 *** ns ns ns

Summing up, during compatible plant virus infections, elevated glutathione contents in
chloroplasts (and peroxisomes) are essential to counteract ROS accumulation in order to prevent
damage to chloroplasts and symptom development. During incompatible plant virus infections the
main role of glutathione in mitochondria is to activate plant defense to induce resistance.

5. Mitochondria

Mitochondria play essential roles in the protection of plants against biotic stress. Among all
cell compartments, mitochondria contain the highest concentrations of glutathione (Figure 2).
ROS accumulation in mitochondria is commonly observed during biotic stress and involved in
the activation of HR [49,52,76,88-91]. ROS in mitochondria can lead to mitochondrial dysfunction,
which sends retrograde signals to the nuclei, and activates cell death [72,74,91]. ROS produced in
mitochondria can also diffuse into the cytosol and the nucleus, where they act as signaling molecules
and activate plant defense genes [92,93]. Thus, the severity of ROS accumulation in mitochondria
plays an important regulatory role in the response of plant against pathogens. Antioxidants such as
glutathione and ascorbate counteract ROS production and regulate defense processes [27,33]. For these
reasons, changes in glutathione contents in mitochondria can give valuable information about the
regulatory roles of glutathione during biotic stress.

During incompatible TMV-infection in tobacco, the depletion of glutathione in mitochondria was
accompanied with the development of necrotic lesions during the HR [58]. A similar situation was found
in Arabidopsis plants infected with the necrotrophic fungi Botrytis cinerea [52]. Mitochondria were
the only organelle which showed decreased levels of glutathione 48 hpi at the infection site.
Additionally, glutathione contents remained unchanged in this cell compartment 48 hpi in cells
adjacent to the infection site while glutathione contents were increased between 95-358% in all other
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cell compartments. These results could also be correlated with a strong accumulation of H,O, as
well as strongly decreased ascorbate contents in mitochondria [52]. Unchanged levels of glutathione
and decreased ascorbate contents could also be found in mitochondria in Arabidopsis plants 24 and
48 hpi after the inoculation with the avirulent strain of Pseudomonas syringae, which induced necrosis
of the leaves and a strong accumulation of ROS at these time points [75]. It has also been shown in
Pseudomonas syringae infected Arabidopsis plants that an appropriate GSSG status, triggered through
oxidative stress, is necessary to induce resistance through the accumulation of SA and the induction of
PR genes [33]. In tomato plants infected with Botrytis cinerea, the strong drop of glutathione contents in
mitochondria was accompanied with the accumulation of GSSG and pathogen induced senescence
as early as 48 hpi, while ascorbate contents and the activities of APX, MDHAR, DHAR and GR
remained at similar levels to the controls [44,94]. These results clearly demonstrate that the depletion
of glutathione in mitochondria is a common response of plants during incompatible plant-pathogen
interactions and the infection of necrotrophic pathogens. On one side, the accumulation of ROS
induced mitochondrial dysfunction and led to cell death during necrotrophic fungal and bacterial
infections [43,44,52,94]. On the other side, the ROS-induced depletion of glutathione in mitochondria
and a change towards a more oxidative state triggered resistance through SA-mediated pathways
during incompatible interactions [33,53,73,75].

Such a clear picture did not evolve in mitochondria during compatible plant pathogen
infections when plants failed to develop resistance. Glutathione contents in mitochondria remained
unchanged during ZYMV-infection [55], increased during TMV-infection [59], remained unchanged
(24 hpi), and slightly decreased (48 hpi) during virulent Pseudomonas syringae infection [43,75].
Additionally, glutathione levels mimicked levels of glutathione in other cell compartments during the
virulent strain of Pseudomonas syringae at the later stages of infection, and ROS accumulation was by far
weaker than during the avirulent interaction [75]. It is also interesting that a tolerant pumpkin species
that did not develop symptoms of ZYMV-disease, despite containing virus particles and showing
ultrastructural alterations, showed strongly elevated glutathione levels in all cell compartments,
including mitochondria [53].

These differences in the levels of glutathione in mitochondria between compatible and
incompatible plant pathogen interactions demonstrate that glutathione plays an important regulatory
role in mitochondrial defense against pathogens. During incompatible plant-pathogen interaction,
the depletion of glutathione in mitochondria and a change towards GSSG led to the accumulation
of ROS [33,43,44,58,75,94], which resulted to mitochondrial dysfunction, activated cell death,
initiated plant defense, and triggered resistance [72,74]. A similar pattern occurred during the infection
of Arabidopsis and tomato plants during infection of the necrotrophic pathogen Botrytis cinerea,
where the breakdown of the antioxidative system led to the accumulation of ROS and cell death but
did not trigger resistance [44,52]. During compatible plant interactions, which result in symptoms but
not in cell death, glutathione levels in mitochondria either increase, or mimic, the situation in all other
cell compartments [59,75]. The primary role of glutathione in mitochondria during such interactions
seems to be to keep ROS under control in order to avoid damage to cellular components and cell death.

6. Chloroplasts and Peroxisomes

Chloroplasts and peroxisomes are important organelles for ROS generation and defense signaling.
ROS produced in the chloroplasts, for example, are involved in the induction of HR [49,76,95].
Peroxisomes are crucial in detoxifying ROS in plants as they accumulate catalase, which detoxifies
H,0; [73]. In this context, the importance of peroxisomes for plant defense is highlighted by catalase
deficient Arabidopsis and tobacco mutants. These mutants contain enhanced photorespiratory HyOp
levels which trigger the induction of pathogen related defense genes and cell death [21,33,73,78,79].
Under these circumstances, the activation of plant defense during Pseudomonas syringae infection was
correlated with the accumulation of GSSG and the activation of SA signaling, which led to reduced
bacterial growth [33]. Blocking glutathione oxidation and accumulation induced by H,O, strongly
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reduced plant defense, lesion formations, and led to bacterial growth similar to the control [33].
These results clearly indicate that in situations of catalase deficiency in peroxisomes, GSSG and H,O,
accumulate and activate plant defense through SA-mediated pathways.

The importance of glutathione in chloroplasts and peroxisomes for plant defense are further
supported by the massive increase of glutathione of up to 133% and 452%, respectively, during the early
stages of Pseudomonas syringae infection in Arabidopsis. The breakdown of the antioxidative system
in these two cell compartments at the later stages of infection correlated with the accumulation of
ROS and progress of advanced disease symptoms [75]. In tobacco plants infected with Botrytis cinerea,
a strong increase of glutathione was detected in both chloroplasts (up to 358%) and peroxisomes (up to
227%) 12 hpi and 48 hpi after the inoculation at the infection site and in cells adjacent of the infection
site, respectively [52]. Within the cell, the chloroplast was the first cell compartment (together with
mitochondria) that showed an accumulation of ROS [52]. ROS accumulation in chloroplasts is also
a common feature during viral infections [56,85]. As glutathione detoxifies ROS, it is not surprising
that tobacco plants susceptible to TMV showed the strongest increase of glutathione contents in
chloroplasts and peroxisomes 7 dpi [58]. Peroxisomes also showed the strongest increase of glutathione
contents in a tolerant pumpkin species infected with ZYMYV [53]. While elevated glutathione contents
in chloroplasts and peroxisomes are important to control ROS and to contain the development of
symptoms at the early stages of infection, the breakdown of the antioxidative system in these two
organelles can be correlated with the development of symptoms such as necrosis and senescence in
Botrytis cinerea infected Arabidopsis and tobacco plants [44,52]. In both interactions, glutathione and
ascorbate contents strongly decreased at the final stages of infection, and the ratio of both shifted
towards their oxidized forms [44,52]. Additionally, the activities of APX, DHAR, MDHAR, and APX
decreased, or remained at control values, in both organelles at the final stages of infection [44].
The results of these studies clearly demonstrate that high levels of glutathione in chloroplasts and
peroxisomes suppress ROS accumulation during various different plant pathogen interactions and
counteract symptom development at the beginning of infections. When glutathione fails to keep ROS
in these two cell compartments under control, systemic symptoms and cell death occur [44,52,56,75,76].

Besides the accumulation of glutathione in chloroplasts and peroxisomes during pathogen attack,
its redox state is also of great importance for the development of resistance. It has been demonstrated
that a plastidial GR enhances resistance in wheat against Blumeria graminis [51]. It was concluded by
the authors that GR increased the ratio of glutathione towards its reduced form. The change of the
cytosolic redox state reduced NPR1 to a monomer, which when imported into the nucleus subsequently
led to the activation of SA-mediated PR genes [51]. A similar result was found in transgenic tobacco
plants inoculated with Pseudomonas syringae, where the introduction of chloroplastic targeted GSH1
increased glutathione contents and its ratio towards GSH. This change activated SA-related defense
genes and genes involved in ethylene synthesis, which decreased symptom development [32].

Summing up, these results demonstrate that if glutathione fails to keep ROS in chloroplasts and
peroxisomes under control systemic symptoms and cell death occur. Changes in the redox state of
glutathione induced by ROS in chloroplasts and peroxisomes initiate the activation of defense genes
through SA-mediated pathways.

7. Apoplast

The apoplast of plant cells is the first line of defense against pathogens. Thus, the accumulation of
ROS in the apoplast is a commonly observed reaction, which is aimed to either kill the pathogen directly,
or to induce local cell death of infected tissue in order to stop the spread of the dangerous invader [4,71].
The activity and levels of antioxidants are generally low in the apoplast. This allows ROS to accumulate
and oxidize rapidly, which is an important condition for ROS signaling. Glutathione and ascorbate
have not been detected in the apoplast during TMV- and ZYM V-infection in tobacco and pumpkin
plants, respectively [54,58,59]. The same situation was found in Arabidopsis plants infected with the
bacterial pathogen Pseudomonas syringae and the necrotrophic fungal pathogen Botrytis cinerea [52,75].
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These results are surprising because in both interactions a strong accumulation of ROS was observed.
H;,0O; accumulation was especially pronounced in the apoplast during the early stages of Botrytis cinerea
infection [52]. Very low contents of glutathione and ascorbate were detected in the apoplast of barley
and oat plants during the infection of the biotrophic fungi Blumeria graminis [45,46]. While ascorbate
contents decreased in both the resistant and the susceptible species, glutathione contents increased
and its ratio shifted towards GSSG in the resistant species, but it decreased in the susceptible one.
The activities of GR, APX, MDHAR, DHAR were similar or even more pronounced in the susceptible
species when compared to the resistant one. As antioxidative defense mechanisms were not able
to prevent HyO;-induced cell death, the increase of glutathione, and its shift towards GSSG in the
apoplast during Blumeria graminis infection, is to activate plant defense signaling rather than to
detoxify Hy,O, [45,46]. Similar results were obtained in tobacco plants inoculated with powdery mildew,
where the artificial elevation of glutathione through injection of GSH into the apoplast enhanced
basal resistance against Euoidium longipes [34]. A signaling role for apoplastic glutathione during
Blumeria graminis infection is supported by another study with the same plant-pathogen constellation.
This study came to the conclusion that high ratio of GSH/GSSG was required for proper plant defense
and that GR mediated the activation of the NPR1 gene [51]. On top of that several other studies
concluded that changes in the redox state of glutathione trigger the activation of plant defense leading
to resistance [32,33].

The reasons for low apoplastic glutathione contents during biotic stress can be found in a high
degradative activity of GGT1 and GGT2, which are responsible for glutathione degradation. They are
both located in the cell wall and the plasma membrane, respectively. In ggf1 knock out mutants,
where glutathione degradation in the apoplast is not performed properly, apoplastic glutathione
levels were found to be similar to glutathione contents in plastids [64]. These changes of apoplastic
glutathione contents were associated with modifications of the proteome that were similar to those
found during abiotic and biotic stress conditions. These results are another indicator that glutathione
contents and the redox state in the apoplast are involved in sensing and signaling environmental stress,
thus have a key role in the adaption of plants to biotic stress.

8. Cytosol

The cytosol can be considered to be the switch board of the cell during biotic stress. During biotic
stress situations, ROS diffuse into the cytosol and signal agents are sent from the different cell
compartments through the cytosol into the nuclei. Transcripts from the nuclei get transported into the
cytosol, distributed to other cell compartments, and translated into proteins. Various different agents
(effectors, hormones, salicylic acid, antioxidants, etc.) accumulate in the cytosol and are distributed to
the different cell organelles [8,26-29,32,33,36-38,96]. In this context, the cytosol plays many essential
roles for glutathione metabolism during plant defense. The most important one is to synthesize
glutathione which is then transported to the different cell compartments to assuage the higher demand
for glutathione during biotic stress. While the first step of glutathione synthesis, which links glutamate
with glycine, takes place exclusively in the chloroplasts, the second step, which adds cysteine, takes place
in chloroplasts and the cytosol [61]. Interestingly, it has been shown that restricting the last step of
glutathione synthesis to the cytosol is sufficient for proper plant development [97] and that chloroplasts
import glutathione from the cytosol through specific transporters [65]. Increased glutathione synthesis,
accumulation of glutathione in the cytosol, and transportation to the different cell compartments is
especially crucial at the early phase of pathogen attack when most cell compartments accumulate
glutathione as demonstrated during bacterial, fungal, and viral infections [52,58,59,75]. On top
of that, boosting glutathione synthesis in the cytosol, by increasing the availability of the rate
limiting precursor cysteine, induced different levels of resistance during various viral infections.
The artificial increase of glutathione by OTC and sulfur treatment inhibited symptom development
and decreased virus contents in ZYMV-infected pumpkin plants [54,55] and TM V-infected tobacco
plants [58,59], respectively. OTC pretreatment also induced partial protection against PPV in pea
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plants [56]. Elevated glutathione contents could be correlated in tobacco plants with the activation of
defense related genes in nuclei and accumulation of related proteins [58,59]. In all of these studies,
glutathione levels in the cytosol closely mimicked the situation of the majority of the other cell
compartments, indicating that most cell compartments use the cytosol as a source for glutathione at
the early stages of infection. As glutathione does not accumulate inside the cytosol at the later stages of
infection when glutathione gets depleted in most other organelles, it appears that glutathione gets
transported quite efficiently through the cytosol to the plasma membranes and vacuoles, which contain
peptidases and facilitate the degradation of glutathione [62-64].

Glutathione in the cytosol plays important signaling roles during biotic stress. It has been
demonstrated that the accumulation of glutathione in the cytosol of tobacco plants can be linked
to strongly increased transcripts of agents (NPR1, PR1, MAPKK) involved in plant defense [98].
Similar results were obtained in tobacco plants infected with TMV where the artificial elevation of
glutathione in the cytosol through the external application of GSH or OTC induced resistance through
the overexpression of PR genes in nuclei and salicylic acid mediated pathways [35]. Treatment of
Arabidopsis seedlings with glutathione activated several genes involved in plant defense signaling and
in jasmonic acid biosynthesis [38]. Another study showed that GSH treatment activated several biotic
stress- and ethylene related genes in nuclei as well as the accumulation of stress and defense signaling
proteins [99]. Furthermore, the application of glutathione up-regulated the biosynthesis of abscisic
acid, auxin, and JA [37]. On the other hand, it has also been demonstrated that Arabidopsis mutants
deficient in glutathione showed enhanced susceptibility to pathogens indicating the importance of
sufficient supply of glutathione for successful plant defense [100-102]. Additionally, through the use
of several GSH-deficient Arabidopsis mutants it was demonstrated that an appropriate oxidized
glutathione status in the cytosol during Pseudomonas syringae infection triggered plant resistance
through the accumulation of SA and the induction of PR genes in the nucleus [33]. An important role
has also been assigned for H,O, during these studies. It was concluded by the authors that increased
intracellular HyO; activated SA signaling [33]. In contrast, the overexpression of a chloroplastic GR in
wheat, which increased the ratio of GSH/GSSG in the cytosol, resulted in enhanced resistance against
Blumeria graminis through the induction of pathogen related PR-1 and PR-5 genes [51]. The authors
concluded that the enhanced capability of converting GSSG to GSH resulted in increased resistance by
protecting cells against oxidative stress. The reduction of NPR1 in the cytosol activated the expression
of SA-mediated PR genes, which subsequently regulated systemic acquired resistance [51,103].

Summing up, the above studies indicate that the main role of the cytosol during biotic stress is
to provide enough glutathione to counteract ROS production throughout the cell and to distribute it
equally among the cell compartments. Pathogen-induced changes in the redox state of glutathione in
the cytosol can then trigger various pathways of plant defense through the activation of defense genes.

9. Nuclei

As outlined in the previous chapter, the interaction between the nuclei and the cytosol is crucial
for successful plant defense as signals processed in the cytosol lead to the activation of defense genes in
nuclei. The transcripts are then sent from the nuclei into the cytosol and other organelles where they lead
to metabolic changes that can trigger plant defense and resistance [8,25-28,31,32,35-37,88]. ROS and
glutathione play important roles by mediating the above described processes. During biotic stress
situations, ROS and GSSG generated in the different organelles diffuse, or get transported, respectively,
into the cytosol where they can change the redox state of glutathione and modify proteins that are then
sent to the nucleus where they activate the expression of plant defense genes [27,33,50,98]. While ROS
can also diffuse into nuclei and directly activate the expression of defense genes such effects have not
been demonstrated for glutathione yet [104]. It seems that the mediating roles of glutathione during
biotic stress in plants are mainly restricted to the cytosol and other organelles.

In most plant pathogen interactions, glutathione content in nuclei mimicked the situation
in the cytosol indicating that glutathione simply diffuses into the nuclei after the production in
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the cytosol [52,53,59,105]. Differences in glutathione contents between the cytosol and nuclei were
consistently found at the later stages during incompatible plant pathogen interaction when HR resulted
in the accumulation of ROS, necrosis, and development of resistance [58,75]. In resistant tobacco plants
infected with TMYV, the nucleus showed a slight increase of glutathione while the cytosol showed
unchanged levels 48 hpi [58]. During the infection of Arabidopsis plants, with an avirulent strain
of Pseudomonas syringae, the nucleus showed a strong increase in glutathione contents while the
cytosol contained decreased levels 48 hpi (Table 2). Based on these results, it is tempting to assume
that glutathione is involved in redox regulation of nuclear gene expression that leads to resistance.
Nevertheless, an accumulation of glutathione in nuclei was also found in Arabidopsis plants infected
with a virulent strain of Pseudomonas syringa [75]. In the final stages of this infection, when ROS started
to accumulate in the leaves, glutathione strongly increased in the nuclei and remained unchanged in
the cytosol (Table 2). From these results and the observation that glutathione levels in nuclei simply
mimic the situation in the cytosol during most plant pathogen interactions [52,53,59,105], it seems
that glutathione contents do not directly impact gene expression inside nuclei. Nevertheless, it has
been demonstrated that glutathione levels in nuclei indirectly contribute to plant defense by providing
reducing moiety for antioxidant enzymes which are able to modify transcription factors and proteins
involved in plant defense [106—111]. On top of that, it has also been demonstrated that glutathione
is essential to maintain the redox balance in nuclei. Alterations of the redox state restricts nuclear
functions and impairs progression through the cell cycle [112-115]. Even though such effects still have
to be clearly demonstrated during biotic stress, it is very likely that glutathione also acts as an important
redox buffer in nuclei during biotic stress and indirectly regulates gene expression by controlling ROS
and keeping the nucleus in a reduced state.

10. Concluding Remarks

Plant defense against biotic stress relies on the communication of all cell compartments and
involves sensing, signaling, and activating plant defense Subcellular glutathione and ROS contents
play important roles in these processes as outlined in this review (Figure 3). While glutathione in the
apoplast does not play an important role during virus, bacterial, and necrotrophic fungal infection,
its redox state and the accumulation of ROS in the apoplast during the infection of biotrophic fungi
initiates the activation of plant defense leading to resistance. During incompatible plant-pathogen
interaction, the depletion of glutathione in mitochondria and a change towards GSSG leads to the
accumulation of ROS, which then leads to mitochondrial dysfunction, activates cell death, and triggers
resistance. During compatible plant interactions the primary role of glutathione in mitochondria is to
keep ROS under control in order to avoid damage to mitochondrial components and inhibit cell death.
The accumulation of glutathione in chloroplasts and peroxisomes at the early stages of plant pathogen
interactions was related to increased tolerance and the development of resistance. The collapse of the
antioxidative system in these two cell compartments at the later stages enforced cell death through
retrograde signaling. ROS and glutathione in the cytosol and nuclei play important roles by mediating
plant defense. During biotic stress situations, ROS and GSSG generated in the different organelles
diffuse, or get transported, respectively, into the cytosol, where they can change the redox state of
glutathione and modify proteins that are then sent to the nucleus. They then activate the expression of
defense genes through pathways that involve SA, JA, auxins, and abscisic acid. While ROS can also
diffuse into nuclei and directly activate the expression of defense genes, such effects have not been
demonstrated for glutathione yet. It seems that glutathione within nuclei indirectly mediates gene
expression by detoxifying ROS and acting as a redox buffer for antioxidant enzymes, which can then
lead to modifications of transcription factors and activation of defense gene expression.
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Figure 3. Compartment-specific roles of glutathione and reactive oxygen species (ROS) during plant
defense. Transmission electron micrograph of a leaf cell with overlay demonstrating the roles of
glutathione (GSH, GSSG) and ROS in the activation of plant defense during biotic stress. The first line
of defense in plants is the apoplast, where during biotrophic fungal infection, the accumulation of
ROS and GSSG activates plant defense and leads to resistance. During pathogen attack, the depletion
of glutathione in mitochondria and a change towards GSSG leads to the accumulation of ROS,
which causes mitochondrial dysfunction, activates cell death, and triggers resistance. The accumulation
of glutathione in chloroplasts and peroxisomes at the early stages of plant pathogen interactions is
related to increased tolerance and the development of resistance. The collapse of the antioxidative
system in both compartments at the later stages of infections enforces cell death through retrograde
signaling. During biotic stress situations ROS and GSSG generated in the different organelles diffuse, or
get transported, respectively, into the cytosol where they can change the redox state of glutathione and
modify proteins. Proteins are then sent to the nucleus, where they activate the expression of defense
gene through pathways that involve SA, JA, auxins, and abscisic acid. While ROS can also diffuse into
nuclei and directly activate the expression of defense genes, such effects have not been demonstrated
for glutathione yet. Within nuclei glutathione mediates gene expression through detoxifying ROS and
acting as a redox buffer for antioxidant enzymes, which can then lead to modifications of transcription
factors and activation of defense gene expression. A, apoplast, C, chloroplasts, M, mitochondria,
N, nuclei, Px, peroxisomes, V, vacuoles.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Saijo, Y.; Loo, E.P. Plant immunity in signal integration between biotic and abiotic stress responses. New Phytol.
2020, 225, 87-104. [CrossRef] [PubMed]

2. Schulze, E.D.; Beck, E.; Buchmann, N.; Clemens, S.; Miiller-Hohenstein, K.; Scherer-Lorenzen, M. Biotic
Stress. In Plant Ecology; Springer: Berlin/Heidelberg, Germany, 2019.


http://dx.doi.org/10.1111/nph.15989
http://www.ncbi.nlm.nih.gov/pubmed/31209880

Plants 2020, 9, 1067 16 of 21

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ramirez-Prado, ].S.; Abulfaraj, A.A.; Rayapuram, N.; Benhamed, M.; Hirt, H. Plant Inmunity: From Signaling
to Epigenetic Control of Defense. Trends Plant Sci. 2018, 23, 833-844. [CrossRef] [PubMed]
Martinez-Gonzalez, A.P.; Ardila, H.D.; Martinez-Peralta, S.T.; Melgarejo-Mufioz, L.M.; Castillejo-Sanchez, M. A ;
Jorrin-Novo, ].V. What proteomic analysis of the apoplast tells us about plant-pathogen interactions. Plant Pathol.
2018, 67, 1647-1668. [CrossRef]

Gimenez, E.; Salinas, M.; Manzano-Agugliaro, F. Worldwide research on plant defense against biotic stresses
as improvement for sustainable agriculture. Sustainability 2018, 10, 391. [CrossRef]

Hammerbach, A.; Coutinho, T.A.; Gershenzon, ]. Roles of plant volatiles in defense against microbial pathogens
and microbial exploitation of volatiles. Plant Cell Environ. 2019, 42, 2827-2843. [CrossRef] [PubMed]

Zogli, P; Libault, M. Plant response to biotic stress: Is there a common epigenetic response during
plant-pathogenic and symbiotic interactions? Plant Sci. 2017, 263, 89-93. [CrossRef]

Yang, J.; Duan, G,; Li, C; Liu, L.; Han, G.; Zhang, Y.; Wang, C. The Crosstalks Between Jasmonic Acid and
Other Plant Hormone Signaling Highlight the Involvement of Jasmonic Acid as a Core Component in Plant
Response to Biotic and Abiotic Stresses. Front. Plant Sci. 2019, 10, 10. [CrossRef]

Leary, A.Y,; Sanguankiattichai, N.; Duggan, C.; Tumtas, Y.; Pandey, P; Segretin, M.E.; Salguero Linares, J.;
Savage, Z.D.; Yow, R.J.; Bozkurt, T.O. Modulation of plant autophagy during pathogen attack. J. Exp. Bot.
2018, 69, 1325-1333. [CrossRef]

Lorang, ].M. Necrotrophic Exploitation and Subversion of Plant Defense: A Lifestyle or Just a Phase,
and Implications in Breeding Resistance. Phytopathology 2019, 109, 332-346. [CrossRef]

Mengiste, T. Plant immunity to necrotrophs. Annu. Rev. Phytopathol. 2012, 50, 267-294. [CrossRef]
Collemare, J.; O’Connell, R.J.; Lebrun, M.-H. Nonproteinaceous effectors: The terra incognita of plant-fungal
interactions. New Phytol. 2019, 223, 590-596. [CrossRef] [PubMed]

Panstruga, R.; Kuhn, H. Mutual interplay between phytopathogenic powdery mildew fungi and other
microorganisms. Mol. Plant Pathol. 2019, 20, 463-470. [CrossRef] [PubMed]

Parniske, M. Uptake of bacteria into living plant cells, the unifying and distinct feature of the nitrogen-fixing
root nodule symbiosis. Curr. Opin. Plant Boil. 2018, 44, 164-174. [CrossRef] [PubMed]

Wipf, D.; Krajinski, F.; Van Tuinen, D.; Recorbet, G.; Courty, P-E. Trading on the arbuscular mycorrhiza
market: From arbuscules to common mycorrhizal networks. New Phytol. 2019, 223, 1127-1142. [CrossRef]
[PubMed]

Pandaranayaka, E.P; Frenkel, O.; Elad, Y.; Prusky, D.; Harel, A. Network analysis exposes core functions in
major lifestyles of fungal and oomycete plant pathogens. BMC Genom. 2019, 20, 1-15. [CrossRef]
Précigout, P-A.; Claessen, D.; Makowski, D.; Robert, C. Does the Latent Period of Leaf Fungal Pathogens
Reflect Their Trophic Type? A Meta-Analysis of Biotrophs, Hemibiotrophs, and Necrotrophs. Phytopathology
2020, 110, 345-361. [CrossRef]

Bastias, D.A.; Johnson, L.J.; Card, S.D. Symbiotic bacteria of plant-associated fungi: Friends or foes? Curr. Opin.
Plant Biol. 2019, 56, 1-8. [CrossRef]

Xin, X.-E; Kvitko, B.; He, S.Y. Pseudomonas syringae: What it takes to be a pathogen. Nat. Rev. Genet. 2018,
16, 316-328. [CrossRef]

Dodueva, LE.; Lebedeva, M. A ; Kuznetsova, K.A.; Gancheva, M.S.; Paponova, S.S.; Lutova, L.L. Plant tumors:
A hundred years of study. Planta 2020, 251, 1-28. [CrossRef]

Takahashi, H.; Fukuhara, T.; Kitazawa, H.; Kormelink, R. Virus Latency and the Impact on Plants.
Front. Microbiol. 2019, 10, 2764. [CrossRef]

Garcia-Ruiz, H. Host factors against plant viruses. Mol. Plant Pathol. 2019, 20, 1588-1601. [CrossRef]
[PubMed]

Gibbs, A J.; Hajizadeh, M.; Ohshima, K.; Jones, R.A.C. The Potyviruses: An Evolutionary Synthesis Is
Emerging. Viruses 2020, 12, 132. [CrossRef] [PubMed]

Tatineni, S.; Stewart, L.R.; Sanfacon, H.; Wang, X.; Navas-Castillo, J.; Hajimorad, M.R. Fundamental Aspects
of Plant Viruses—An Overview on Focus Issue Articles. Phytopathology 2020, 110, 6-9. [CrossRef] [PubMed]
Zellnig, G.; Pockl, M.H.; Mostl, S.; Zechmann, B. Two and three dimensional characterization of Zucchini
Yellow Mosaic Virus induced structural alterations in Cucurbita pepo L. plants. J. Struct. Boil. 2014, 186,
245-252. [CrossRef]

Ding, P,; Ding, Y. Stories of Salicylic Acid: A Plant Defense Hormone. Trends Plant Sci. 2020, 25, 549-565.
[CrossRef]


http://dx.doi.org/10.1016/j.tplants.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29970339
http://dx.doi.org/10.1111/ppa.12893
http://dx.doi.org/10.3390/su10020391
http://dx.doi.org/10.1111/pce.13602
http://www.ncbi.nlm.nih.gov/pubmed/31222757
http://dx.doi.org/10.1016/j.plantsci.2017.07.008
http://dx.doi.org/10.3389/fpls.2019.01349
http://dx.doi.org/10.1093/jxb/erx425
http://dx.doi.org/10.1094/PHYTO-09-18-0334-IA
http://dx.doi.org/10.1146/annurev-phyto-081211-172955
http://dx.doi.org/10.1111/nph.15785
http://www.ncbi.nlm.nih.gov/pubmed/30851201
http://dx.doi.org/10.1111/mpp.12771
http://www.ncbi.nlm.nih.gov/pubmed/30467940
http://dx.doi.org/10.1016/j.pbi.2018.05.016
http://www.ncbi.nlm.nih.gov/pubmed/30071473
http://dx.doi.org/10.1111/nph.15775
http://www.ncbi.nlm.nih.gov/pubmed/30843207
http://dx.doi.org/10.1186/s12864-019-6409-3
http://dx.doi.org/10.1094/PHYTO-04-19-0144-R
http://dx.doi.org/10.1016/j.pbi.2019.10.010
http://dx.doi.org/10.1038/nrmicro.2018.17
http://dx.doi.org/10.1007/s00425-020-03375-5
http://dx.doi.org/10.3389/fmicb.2019.02764
http://dx.doi.org/10.1111/mpp.12851
http://www.ncbi.nlm.nih.gov/pubmed/31286679
http://dx.doi.org/10.3390/v12020132
http://www.ncbi.nlm.nih.gov/pubmed/31979056
http://dx.doi.org/10.1094/PHYTO-10-19-0404-FI
http://www.ncbi.nlm.nih.gov/pubmed/31910089
http://dx.doi.org/10.1016/j.jsb.2014.03.006
http://dx.doi.org/10.1016/j.tplants.2020.01.004

Plants 2020, 9, 1067 17 of 21

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Gullner, G.; Zechmann, B.; Kiinstler, A.; Kirdly, L. The Signaling Roles of Glutathione in Plant Disease
Resistance. In Glutathione in Plant Growth, Development, and Stress Tolerance, 1st ed.; Hossain, M.A.,
Mostofa, M.G., Diaz-Vivancos, P, Burritt, D.J., Eds.; Springer International Publishing AG: Cham, Switzerland,
2017; pp. 331-357. [CrossRef]

Koch, A.; Kang, H.-G.; Steinbrenner, J.; Dempsey, D.A; Klessig, D.F.; Kogel, K.-H. MORC Proteins: Novel
Players in Plant and Animal Health. Front. Plant Sci. 2017, 8, 1720. [CrossRef]

Van Butselaar, T.; Van den Ackerveken, G. Salicylic Acid Steers the Growth-Immunity Tradeoff. Trends Plant Sci.
2020, 25, 566-576. [CrossRef]

Hernandez, J.A.; Gullner, G.; Clemente-Moreno, M.].; Kiinstler, A.; Juhasz, C.; Diaz-Vivancos, P.; Kiraly, L.
Oxidative stress and antioxidative responses in plant—virus interactions. Physiol. Mol. Plant Pathol. 2016, 94,
134-148. [CrossRef]

Alquéres, S.; Meneses, C.H.S.G.; Rouws, L.EM.; Rothballer, M.; Baldani, I.; Schmid, M.; Hartmann, A.
The Bacterial Superoxide Dismutase and Glutathione Reductase Are Crucial for Endophytic Colonization
of Rice Roots byGluconacetobacter diazotrophicusPAL5. Mol. Plant Microbe Interact. 2013, 26, 937-945.
[CrossRef]

Ghanta, S.; Datta, R.; Bhattacharyya, D.; Sinha, R.; Kumar, D.; Hazra, S.; Mazumdar, A.B.; Chattopadhyay, S.
Multistep involvement of glutathione with salicylic acid and ethylene to combat environmental stress.
J. Plant Physiol. 2014, 171, 940-950. [CrossRef]

Han, Y.; Chaouch, S.; Mhamdi, A.; Queval, G.; Zechmann, B.; Noctor, G. Functional Analysis of Arabidopsis
Mutants Points to Novel Roles for Glutathione in Coupling HyO; to Activation of Salicylic Acid Accumulation
and Signaling. Antioxid. Redox Signal. 2013, 18, 2106-2121. [CrossRef] [PubMed]

Kinstler, A.; Katay, G.; Gullner, G.; Kiraly, L. Artificial elevation of glutathione contents in salicylic
acid-deficient tobacco (Nicotiana tabacum cv. Xanthi NahG) reduces susceptibility to the powdery mildew
pathogen Euoidium longipes. Plant Boil. 2019, 22, 70-80. [CrossRef] [PubMed]

Kiinstler, A.; Kirdly, L.; Katay, G.; Enyedi, A.].; Gullner, G. Glutathione Can Compensate for Salicylic Acid
Deficiency in Tobacco to Maintain Resistance to Tobacco Mosaic Virus. Front. Plant Sci. 2019, 10, 10. [CrossRef]
[PubMed]

Vlot, A.C.; Dempsey, D.A.; Klessig, D.F. Salicylic Acid, a Multifaceted Hormone to Combat Disease.
Annu. Rev. Phytopathol. 2009, 47, 177-206. [CrossRef] [PubMed]

Cheng, M.-C.; Ko, K.; Chang, W.-L.; Kuo, W.-C.; Chen, G.-H.; Lin, T.-P. Increased glutathione contributes
to stress tolerance and global translational changes in Arabidopsis. Plant . 2015, 83, 926-939. [CrossRef]
[PubMed]

Hacham, Y.; Koussevitzky, S.; Kirma, M.; Amir, R. Glutathione application affects the transcript profile of
genes in Arabidopsis seedling. J. Plant Physiol. 2014, 171, 1444-1451. [CrossRef]

Diaz-Vivancos, P.; De Simone, A.; Kiddle, G.; Foyer, C.H. Glutathione—Linking cell proliferation to oxidative
stress. Free Radic. Boil. Med. 2015, 89, 1154-1164. [CrossRef]

Gechev, T.S.; Van Breusegem, F.; Stone, ].M.; Denev, 1; Laloi, C. Reactive oxygen species as signals that
modulate plant stress responses and programmed cell death. Bioessays 2006, 28, 1091-1101. [CrossRef]
Hasanuzzaman, M.; Nahar, K.; Anee, T.I; Fujita, M. Glutathione in plants: Biosynthesis and physiological
role in environmental stress tolerance. Physiol. Mol. Boil. Plants 2017, 23, 249-268. [CrossRef]

Huang, H.; Ullah, F; Zhou, D.-X,; Yi, M.; Zhao, Y. Mechanisms of ROS Regulation of Plant Development and
Stress Responses. Front. Plant Sci. 2019, 10, 800. [CrossRef]

Kuzniak, E.; Sklodowska, M. Differential Implication of Glutathione, Glutathione Metabolizing Enzymes
and Ascorbate in Tomato Resistance to Pseudomonas syringae. J. Phytopathol. 2004, 152, 529-536. [CrossRef]
Kuzniak, E. Compartment-specific role of the ascorbate-glutathione cycle in the response of tomato leaf cells
to Botrytis cinerea infection. J. Exp. Bot. 2005, 56, 921-933. [CrossRef] [PubMed]

Vanacker, H.; Carver, T.L.; Foyer, C.H. Pathogen-Induced Changes in the Antioxidant Status of the Apoplast
in Barley Leaves. Plant Physiol. 1998, 117, 1103-1114. [CrossRef] [PubMed]

Vanacker, H.; Carver, T.L.; Foyer, C.H. Early H,O, Accumulation in Mesophyll Cells Leads to Induction of
Glutathione during the Hyper-Sensitive Response in the Barley-Powdery Mildew Interaction. Plant Physiol.
2000, 123, 1289-1300. [CrossRef] [PubMed]

Dumont, S.; Rivoal, J. Consequences of Oxidative Stress on Plant Glycolytic and Respiratory Metabolism.
Front. Plant Sci. 2019, 10, 166. [CrossRef]


http://dx.doi.org/10.1007/978-3-319-66682-2_15
http://dx.doi.org/10.3389/fpls.2017.01720
http://dx.doi.org/10.1016/j.tplants.2020.02.002
http://dx.doi.org/10.1016/j.pmpp.2015.09.001
http://dx.doi.org/10.1094/MPMI-12-12-0286-R
http://dx.doi.org/10.1016/j.jplph.2014.03.002
http://dx.doi.org/10.1089/ars.2012.5052
http://www.ncbi.nlm.nih.gov/pubmed/23148658
http://dx.doi.org/10.1111/plb.13030
http://www.ncbi.nlm.nih.gov/pubmed/31283085
http://dx.doi.org/10.3389/fpls.2019.01115
http://www.ncbi.nlm.nih.gov/pubmed/31608082
http://dx.doi.org/10.1146/annurev.phyto.050908.135202
http://www.ncbi.nlm.nih.gov/pubmed/19400653
http://dx.doi.org/10.1111/tpj.12940
http://www.ncbi.nlm.nih.gov/pubmed/26213235
http://dx.doi.org/10.1016/j.jplph.2014.06.016
http://dx.doi.org/10.1016/j.freeradbiomed.2015.09.023
http://dx.doi.org/10.1002/bies.20493
http://dx.doi.org/10.1007/s12298-017-0422-2
http://dx.doi.org/10.3389/fpls.2019.00800
http://dx.doi.org/10.1111/j.1439-0434.2004.00884.x
http://dx.doi.org/10.1093/jxb/eri086
http://www.ncbi.nlm.nih.gov/pubmed/15668222
http://dx.doi.org/10.1104/pp.117.3.1103
http://www.ncbi.nlm.nih.gov/pubmed/9662553
http://dx.doi.org/10.1104/pp.123.4.1289
http://www.ncbi.nlm.nih.gov/pubmed/10938348
http://dx.doi.org/10.3389/fpls.2019.00166

Plants 2020, 9, 1067 18 of 21

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Signorelli, S.; Tarkowski, L.P.; Ende, W.V.D.; Bassham, D.C. Linking Autophagy to Abiotic and Biotic Stress
Responses. Trends Plant Sci. 2019, 24, 413-430. [CrossRef]

Balint-Kurti, P. The plant hypersensitive response: Concepts, control and consequences. Mol. Plant Pathol.
2019, 20, 1163-1178. [CrossRef]

Kiinstler, A.; Bacso, R.; Gullner, G.; Hafez, Y.M.; Kiraly, L. Staying alive—Is cell death dispensable for plant
disease resistance during the hypersensitive response? Physiol. Mol. Plant Pathol. 2016, 93, 75-84. [CrossRef]
Chen, Y.-P; Xing, L.-P,; Wu, G.-J.; Wang, H.-Z.; Wang, X.-E.; Cao, A.-Z.; Chen, P. Plastidial Glutathione
Reductase from Haynaldia villosa is an Enhancer of Powdery Mildew Resistance in Wheat (Triticum aestivum).
Plant Cell Physiol. 2007, 48, 1702-1712. [CrossRef]

Simon, U.K,; Polanschiitz, L.M.; Koffler, B.E.; Zechmann, B. High Resolution Imaging of Temporal and Spatial
Changes of Subcellular Ascorbate, Glutathione and H,O, Distribution during Botrytis cinerea Infection in
Arabidopsis. PLoS ONE 2013, 8, e65811. [CrossRef]

Zechmann, B.; Miiller, M. Effects of zucchini yellow mosaic virus infection on the subcellular distribution
of glutathione and its precursors in a highly tolerant Cucurbita pepo cultivar. Botany 2008, 86, 1092-1100.
[CrossRef]

Zechmann, B.; Zellnig, G.; Miiller, M. Changes in the Subcellular Distribution of Glutathione during Virus
Infection in Cucurbita pepo (L.). Plant Boil. 2005, 7, 49-57. [CrossRef] [PubMed]

Zechmann, B.; Zellnig, G.; Urbanek-Krajnc, A.; Miiller, M. Artificial elevation of glutathione affects symptom
development in ZYMV-infected Cucurbita pepo L. plants. Arch. Virol. 2006, 152, 747-762. [CrossRef] [PubMed]
Clemente-Moreno, M.].; Herndndez, J.A.; Diaz-Vivancos, P. Sharka: How do plants respond to Plum pox
virus infection? J. Exp. Bot. 2014, 66, 25-35. [CrossRef]

Gullner, C.; Tobias, I.; Fodor, J.; Kémives, U.; Gullner, G.; Komives, T. Elevation of Glutathione Level and
Activation of Glutathione-related Enzymes Affect Virus Infection in Tobacco. Free Radic. Res. 1999, 31,
155-161. [CrossRef]

Kiraly, L.; Kiinstler, A.; Holler, K.; Fattinger, M.; Juhasz, C.; Miiller, M.; Gullner, G.; Zechmann, B. Sulfate
supply influences compartment specific glutathione metabolism and confers enhanced resistance to Tobacco
mosaic virus during a hypersensitive response. Plant Physiol. Biochem. 2012, 59, 44-54. [CrossRef]

Holler, K.; Kiraly, L.; Ktnstler, A.; Miiller, M.; Gullner, G.; Fattinger, M.; Zechmann, B. Enhanced Glutathione
Metabolism Is Correlated with Sulfur-Induced Resistance in Tobacco mosaic virus-Infected Genetically
Susceptible Nicotiana tabacum Plants. Mol. Plant Microbe Interact. 2010, 23, 1448-1459. [CrossRef]

Koffler, B.E.; Bloem, E.; Zellnig, G.; Zechmann, B. High resolution imaging of subcellular glutathione
concentrations by quantitative immunoelectron microscopy in different leaf areas of Arabidopsis. Micron
2013, 45, 119-128. [CrossRef]

Wachter, A.; Wolf, S.; Steininger, H.; Bogs, J.; Rausch, T. Differential targeting of GSH1 and GSH2 is achieved
by multiple transcription initiation: Implications for the compartmentation of glutathione biosynthesis in
the Brassicaceae. Plant J. 2004, 41, 15-30. [CrossRef]

Ohkama-Ohtsu, N.; Radwan, S.; Peterson, A.; Zhao, P.; Badr, A.; Xiang, C.; Oliver, D.J. Characterization of
the extracellular y-glutamyl transpeptidases, GGT1 and GGT2, in Arabidopsis. Plant ]. 2007, 49, 865-877.
[CrossRef]

Ohkama-Ohtsu, N.; Zhao, P,; Xiang, C.; Oliver, D.J. Glutathione conjugates in the vacuole are degraded by
v-glutamyl transpeptidase GGT3 in Arabidopsis. Plant J. 2007, 49, 878-888. [CrossRef] [PubMed]

Tolin, S.; Arrigoni, G.; Trentin, A.R.; Veljovic-Jovanovic, S.; Pivato, M.; Zechman, B.; Masi, A. Biochemical and
quantitative proteomics investigations in Arabidopsis ggtl mutantleaves reveal a role for the gamma-glutamyl
cycle in plant’s adaptation to environment. Proteomics 2013, 13, 2031-2045. [CrossRef] [PubMed]
Maughan, S.C.; Pasternak, M.; Cairns, N.; Kiddle, G.; Brach, T.; Jarvis, R.; Haas, F.; Nieuwland, J.; Lim, B.;
Miiller, 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] [PubMed]

Zechmann, B. Compartment-specific importance of glutathione during abiotic and biotic stress. Front. Plant Sci.
2014, 5, 566. [CrossRef] [PubMed]

Heyneke, E.; Luschin-Ebengreuth, N.; Krajcer, I.; Wolkinger, V.; Miiller, M.; Zechmann, B. Dynamic
compartment specific changes in glutathione and ascorbate levels in Arabidopsis plants exposed to different
light intensities. BMC Plant Boil. 2013, 13, 104. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.tplants.2019.02.001
http://dx.doi.org/10.1111/mpp.12821
http://dx.doi.org/10.1016/j.pmpp.2016.01.003
http://dx.doi.org/10.1093/pcp/pcm142
http://dx.doi.org/10.1371/journal.pone.0065811
http://dx.doi.org/10.1139/B08-048
http://dx.doi.org/10.1055/s-2004-830477
http://www.ncbi.nlm.nih.gov/pubmed/15666214
http://dx.doi.org/10.1007/s00705-006-0880-2
http://www.ncbi.nlm.nih.gov/pubmed/17143780
http://dx.doi.org/10.1093/jxb/eru428
http://dx.doi.org/10.1080/10715769900301451
http://dx.doi.org/10.1016/j.plaphy.2011.10.020
http://dx.doi.org/10.1094/MPMI-05-10-0117
http://dx.doi.org/10.1016/j.micron.2012.11.006
http://dx.doi.org/10.1111/j.1365-313X.2004.02269.x
http://dx.doi.org/10.1111/j.1365-313X.2006.03004.x
http://dx.doi.org/10.1111/j.1365-313X.2006.03005.x
http://www.ncbi.nlm.nih.gov/pubmed/17316176
http://dx.doi.org/10.1002/pmic.201200479
http://www.ncbi.nlm.nih.gov/pubmed/23661340
http://dx.doi.org/10.1073/pnas.0913689107
http://www.ncbi.nlm.nih.gov/pubmed/20080670
http://dx.doi.org/10.3389/fpls.2014.00566
http://www.ncbi.nlm.nih.gov/pubmed/25368627
http://dx.doi.org/10.1186/1471-2229-13-104
http://www.ncbi.nlm.nih.gov/pubmed/23865417

Plants 2020, 9, 1067 19 of 21

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Koffler, B.E.; Luschin-Ebengreuth, N.; Stabentheiner, E.; Miiller, M.; Zechmann, B. Compartment specific
response of antioxidants to drought stress in Arabidopsis. Plant Sci. 2014, 227, 133-144. [CrossRef]
Hemetsberger, C.; Herrberger, C.; Zechmann, B.; Hillmer, M.; Dohlemann, G. The Ustilago maydis Effector
Pep1 Suppresses Plant Immunity by Inhibition of Host Peroxidase Activity. PLoS Pathog. 2012, 8, €1002684.
[CrossRef]

Jacobs, S.; Zechmann, B.; Molitor, A.; Trujillo, M.; Petutschnig, E.; Lipka, V.; Kogel, K.-H.; Schéfer, P.
Broad-Spectrum Suppression of Innate Immunity Is Required for Colonization of Arabidopsis Roots by the
Fungus Piriformospora indica. Plant Physiol. 2011, 156, 726-740. [CrossRef]

Podgorska, A.; Burian, M.; Szal, B. Extra-Cellular but Extra-Ordinarily Important for Cells: Apoplastic
Reactive Oxygen Species Metabolism. Front. Plant Sci. 2017, 8, 8. [CrossRef]

Amirsadeghi, S.; Robson, C.A.; Vanlerberghe, G.C. The role of the mitochondrion in plant responses to biotic
stress. Physiol. Plant. 2007, 129, 253-266. [CrossRef]

Su, T.; Li, W,; Wang, P.; Ma, C. Dynamics of Peroxisome Homeostasis and Its Role in Stress Response and
Signaling in Plants. Front. Plant Sci. 2019, 10, 705. [CrossRef]

Wagner, S.; Van Aken, O.; Elsédsser, M.; Schwarzlander, M. Mitochondrial Energy Signaling and Its Role in
the Low-Oxygen Stress Response of Plants. Plant Physiol. 2018, 176, 1156-1170. [CrossRef] [PubMed]
Grof3kinsky, D.K,; Koffler, B.E.; Roitsch, T.G.; Maier, R.; Zechmann, B. Compartment-specific antioxidative
defense in Arabidopsis against virulent and avirulent Pseudomonas syringae. Phytopathology 2012, 102,
662-673. [CrossRef] [PubMed]

Sowden, R.G.; Watson, S.J.; Jarvis, P. The role of chloroplasts in plant pathology. Essays Biochem. 2017, 62,
21-39. [CrossRef]

Thapa, S.P.; Davis, EW.; Lyu, Q.; Weisberg, A.].; Stevens, D.M.; Clarke, C.R.; Coaker, G.; Chang, J.H.
The Evolution, Ecology, and Mechanisms of Infection by Gram-Positive, Plant-Associated Bacteria.
Annu. Rev. Phytopathol. 2019, 57, 341-365. [CrossRef] [PubMed]

Chaouch, S.; Noctor, G. Myo-inositol abolishes salicylic acid-dependent cell death and pathogen defence
responses triggered by peroxisomal hydrogen peroxide. New Phytol. 2010, 188, 711-718. [CrossRef] [PubMed]
Chaouch, S.; Queval, G.; Vanderauwera, S.; Mhamdi, A.; Vandorpe, M.; Langlois-Meurinne, M.; Van
Breusegem, F.; Saindrenan, P.; Noctor, G. Peroxisomal Hydrogen Peroxide Is Coupled to Biotic Defense
Responses by ISOCHORISMATE SYNTHASET in a Daylength-Related Manner. Plant Physiol. 2010, 153,
1692-1705. [CrossRef] [PubMed]

Conti, G.; Rodriguez, M.C.; Venturuzzi, A.L.; Asurmendi, S. Modulation of host plant immunity by
Tobamovirus proteins. Ann. Bot. 2016, 119, 737-747. [CrossRef]

Ivanov, K.I; Eskelin, K.; Lohmus, A.; Mékinen, K. Molecular and cellular mechanisms underlying potyvirus
infection. J. Gen. Virol. 2014, 95, 1415-1429. [CrossRef]

Mikinen, K. Plant susceptibility genes as a source for potyvirus resistance. Ann. Appl. Boil. 2019, 176, 122-129.
[CrossRef]

Senda, K.; Ogawa, K. Induction of PR-1 Accumulation Accompanied by Runaway Cell Death in the 1sd1
Mutant of Arabidopsis is Dependent on Glutathione Levels but Independent of the Redox State of Glutathione.
Plant Cell Physiol. 2004, 45, 1578-1585. [CrossRef] [PubMed]

Noctor, G.; Mhamdi, A.; Chaouch, S.; Han, Y.; Neukermans, J.; Garcia, B.M.; Queval, G.; Foyer, C.H.
Glutathione in plants: An integrated overview. Plant Cell Environ. 2011, 35, 454-484. [CrossRef] [PubMed]
Diaz-Vivancos, P; Clemente-Moreno, M.J.; Rubio, M.; Olmos, E.; Garcia, J.A.; Martinez-Gémez, P.;
Hernandez, J.A. Alteration in the chloroplastic metabolism leads to ROS accumulation in pea plants
in response to plum pox virus. J. Exp. Bot. 2008, 59, 2147-2160. [CrossRef] [PubMed]

Rahoutei, J.; Garcia-Luque, I.; Barén, M. Inhibition of photosynthesis by viral infection: Effect on PSII
structure and function. Physiol. Plant. 2000, 110, 286-292. [CrossRef]

Zechmann, B.; Zellnig, G.; Miiller, M. Cytological modifications in zucchini yellow mosaic virus
(ZYMV)-infected Styrian pumpkin plants. Arch. Virol. 2003, 148, 1119-1133. [CrossRef]

Chang, R.; Jang, C.J.H.; Branco-Price, C.; Nghiem, P; Bailey-Serres, J. Transient MPK6 activation in response
to oxygen deprivation and reoxygenation is mediated by mitochondria and aids seedling survival in
Arabidopsis. Plant Mol. Boil. 2011, 78, 109-122. [CrossRef]

Cvetkovska, M.; Vanlerberghe, G.C. Alternative oxidase impacts the plant response to biotic stress by
influencing the mitochondrial generation of reactive oxygen species. Plant Cell Environ. 2012, 36, 721-732.
[CrossRef]


http://dx.doi.org/10.1016/j.plantsci.2014.08.002
http://dx.doi.org/10.1371/journal.ppat.1002684
http://dx.doi.org/10.1104/pp.111.176446
http://dx.doi.org/10.3389/fpls.2017.01353
http://dx.doi.org/10.1111/j.1399-3054.2006.00775.x
http://dx.doi.org/10.3389/fpls.2019.00705
http://dx.doi.org/10.1104/pp.17.01387
http://www.ncbi.nlm.nih.gov/pubmed/29298823
http://dx.doi.org/10.1094/PHYTO-02-12-0022-R
http://www.ncbi.nlm.nih.gov/pubmed/22571419
http://dx.doi.org/10.1042/ebc20170020
http://dx.doi.org/10.1146/annurev-phyto-082718-100124
http://www.ncbi.nlm.nih.gov/pubmed/31283433
http://dx.doi.org/10.1111/j.1469-8137.2010.03453.x
http://www.ncbi.nlm.nih.gov/pubmed/20807338
http://dx.doi.org/10.1104/pp.110.153957
http://www.ncbi.nlm.nih.gov/pubmed/20543092
http://dx.doi.org/10.1093/aob/mcw216
http://dx.doi.org/10.1099/vir.0.064220-0
http://dx.doi.org/10.1111/aab.12562
http://dx.doi.org/10.1093/pcp/pch179
http://www.ncbi.nlm.nih.gov/pubmed/15574833
http://dx.doi.org/10.1111/j.1365-3040.2011.02400.x
http://www.ncbi.nlm.nih.gov/pubmed/21777251
http://dx.doi.org/10.1093/jxb/ern082
http://www.ncbi.nlm.nih.gov/pubmed/18535298
http://dx.doi.org/10.1034/j.1399-3054.2000.110220.x
http://dx.doi.org/10.1007/s00705-003-0005-0
http://dx.doi.org/10.1007/s11103-011-9850-5
http://dx.doi.org/10.1111/pce.12009

Plants 2020, 9, 1067 20 of 21

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Rhoads, D.M.; Umbach, A.L.; Subbaiah, C.C.; Siedow, J].N. Mitochondrial Reactive Oxygen Species.
Contribution to Oxidative Stress and Interorganellar Signaling. Plant Physiol. 2006, 141, 357-366. [CrossRef]
Yao, N.; Greenberg, ].T. Arabidopsis ACCELERATED CELL DEATH2 modulates programmed cell death.
Plant Cell 2005, 18, 397-411. [CrossRef]

Bienert, G.P.; Chaumont, F. Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide.
Biochim. Biophys. Acta (BBA) Gen. Subj. 2014, 1840, 1596-1604. [CrossRef]

Exposito-Rodriguez, M.; Laissue, P.P.; Yvon-Durocher, G.; Smirnoff, N.; Mullineaux, P.M. Photosynthesis-
dependent H,O, transfer from chloroplasts to nuclei provides a high-light signalling mechanism.
Nat. Commun. 2017, 8,49. [CrossRef] [PubMed]

Kuzniak, E. The effect of Botrytis cinerea infection on the antioxidant profile of mitochondria from tomato
leaves. J. Exp. Bot. 2004, 55, 605-612. [CrossRef] [PubMed]

Liu, Y,; Ren, N.; Pike, S.; Pallardy, S.; Gassmann, W.; Zhang, S. Chloroplast-generated reactive oxygen species
are involved in hypersensitive response-like cell death mediated by a mitogen-activated protein kinase
cascade. Plant J. 2007, 51, 941-954. [CrossRef] [PubMed]

Herrera-Vajsquez, A.; Salinas, P.; Holuigue, L. Salicylic acid and reactive oxygen species interplay in the
transcriptional control of defense genes expression. Front. Plant Sci. 2015, 6, 171. [CrossRef]

Pasternak, M.; Lim, B.; Wirtz, M.; Hell, R.; Cobbett, C.S.; Meyer, A.]. Restricting glutathione biosynthesis to
the cytosol is sufficient for normal plant development. Plant . 2007, 53, 999-1012. [CrossRef]

Ghanta, S.; Bhattacharyya, D.; Sinha, R.; Banerjee, A.; Chattopadhyay, S. Nicotiana tabacum overexpressing
v-ECS exhibits biotic stress tolerance likely through NPR1-dependent salicylic acid-mediated pathway.
Planta 2011, 233, 895-910. [CrossRef]

Sinha, R.; Kumar, D.; Datta, R.; Hazra, S.; Bhattacharyya, D.; Mazumdar, A.B.; Mukhopadhyay, R.; Sultana, A.;
Chattopadhyay, S. Integrated transcriptomic and proteomic analysis of Arabidopsis thaliana exposed to
glutathione unravels its role in plant defense. Plant Cell Tissue Organ Cult. 2014, 120, 975-988. [CrossRef]
Ball, L.; Accotto, G.P; Bechtold, U.; Creissen, G.; Funck, D.; Jiménez, A.; Kular, B, Leyland, N.;
Mejia-Carranza, J.; Reynolds, H.; et al. Evidence for a Direct Link between Glutathione Biosynthesis
and Stress Defense Gene Expression in Arabidopsis. Plant Cell 2004, 16, 2448-2462. [CrossRef]
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]

Parisy, V.; Poinssot, B.; Owsianowski, L.; Buchala, A.; Glazebrook, J.; Mauch, F. Identification of PAD2 as a
v-glutamylcysteine synthetase highlights the importance of glutathione in disease resistance of Arabidopsis.
Plant ]. 2006, 49, 159-172. [CrossRef]

Mou, Z.; Fan, W.; Dong, X. Inducers of Plant Systemic Acquired Resistance Regulate NPR1 Function through
Redox Changes. Cell 2003, 113, 935-944. [CrossRef]

Martins, L.; Trujillo-Hernandez, J.A.; Reichheld, J.-P. Thiol Based Redox Signaling in Plant Nucleus.
Front. Plant Sci. 2018, 9, 705. [CrossRef] [PubMed]

Zechmann, B.; Zellnig, G.; Miiller, M. Virus-Induced Changes in the Subcellular Distribution of Glutathione
Precursors in Cucurbita pepo (L.). Plant Boil. 2007, 9, 427-434. [CrossRef] [PubMed]

Chaki, M.; Shekariesfahlan, A.; Ageeva, A.; Mengel, A.; Von Toerne, C.; Durner, J.; Lindermayr, C.
Identification of nuclear target proteins for S-nitrosylation in pathogen-treated Arabidopsis thaliana cell
cultures. Plant Sci. 2015, 238, 115-126. [CrossRef]

Morisse, S.; Zaffagnini, M.; Gao, X.-H.; Lemaire, S.; Marchand, C.H. Insight into protein S-nitrosylation in
Chlamydomonas reinhardtii. Antioxid. Redox Signal. 2014, 21, 1271-1284. [CrossRef]

Pérez-Pérez, MLE.; Mauries, A.; Maes, A.; Tourasse, N.J.; Hamon, M.; Lemaire, S.; Marchand, C.H. The Deep
Thioredoxome in Chlamydomonas reinhardtii: New Insights into Redox Regulation. Mol. Plant 2017, 10,
1107-1125. [CrossRef]

Waszczak, C.; Akter, S.; Eeckhout, M.; Persiau, G.; Wahni, K.; Bodra, N.; Van Molle, I.; De Smet, B.;
Vertommen, D.; Gevaert, K,; et al. Sulfenome mining in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA
2014, 111, 11545-11550. [CrossRef]

Zaffagnini, M.; Bedhomme, M.; Marchand, C.H.; Morisse, S.; Trost, P.; Lemaire, S. Redox Regulation in
Photosynthetic Organisms: Focus on Glutathionylation. Antioxid. Redox Signal. 2012, 16, 567-586. [CrossRef]


http://dx.doi.org/10.1104/pp.106.079129
http://dx.doi.org/10.1105/tpc.105.036251
http://dx.doi.org/10.1016/j.bbagen.2013.09.017
http://dx.doi.org/10.1038/s41467-017-00074-w
http://www.ncbi.nlm.nih.gov/pubmed/28663550
http://dx.doi.org/10.1093/jxb/erh076
http://www.ncbi.nlm.nih.gov/pubmed/14966215
http://dx.doi.org/10.1111/j.1365-313X.2007.03191.x
http://www.ncbi.nlm.nih.gov/pubmed/17651371
http://dx.doi.org/10.3389/fpls.2015.00171
http://dx.doi.org/10.1111/j.1365-313X.2007.03389.x
http://dx.doi.org/10.1007/s00425-011-1349-4
http://dx.doi.org/10.1007/s11240-014-0651-9
http://dx.doi.org/10.1105/tpc.104.022608
http://dx.doi.org/10.1104/pp.111.182667
http://dx.doi.org/10.1111/j.1365-313X.2006.02938.x
http://dx.doi.org/10.1016/S0092-8674(03)00429-X
http://dx.doi.org/10.3389/fpls.2018.00705
http://www.ncbi.nlm.nih.gov/pubmed/29892308
http://dx.doi.org/10.1055/s-2006-924670
http://www.ncbi.nlm.nih.gov/pubmed/17143806
http://dx.doi.org/10.1016/j.plantsci.2015.06.011
http://dx.doi.org/10.1089/ars.2013.5632
http://dx.doi.org/10.1016/j.molp.2017.07.009
http://dx.doi.org/10.1073/pnas.1411607111
http://dx.doi.org/10.1089/ars.2011.4255

Plants 2020, 9, 1067 21 of 21

111.

112.

113.

114.

115.

Zaffagnini, M.; De Mia, M.; Morisse, S.; Di Giacinto, N.; Marchand, C.H.; Maes, A.; Lemaire, S.; Trost, P.
Protein S-nitrosylation in photosynthetic organisms: A comprehensive overview with future perspectives.
Biochim. Biophys. Acta (BBA) Proteins Proteom. 2016, 1864, 952-966. [CrossRef]

De Simone, A.; Hubbard, R.; De La Torre, N.V.; Velappan, Y.; Wilson, M.; Considine, M.].; Soppe, W.].;
Foyer, C.H. Redox Changes During the Cell Cycle in the Embryonic Root Meristem of Arabidopsis thaliana.
Antioxid. Redox Signal. 2017, 27, 1505-1519. [CrossRef]

Vivancos, P.D.; Wolff, T.; Markovic, J.; Pallardé, E.V.; Foyer, C.H. A nuclear glutathione cycle within the cell
cycle. Biochem. J. 2010, 431, 169-178. [CrossRef]

Kocsy, G.; Tari, I.; Vankova, R.; Zechmann, B.; Gulyas, Z.; Poér, P.; Galiba, G. Redox control of plant growth
and development. Plant Sci. 2013, 211, 77-91. [CrossRef] [PubMed]

Vivancos, P.D.; Dong, Y.; Ziegler, K.; Markovic, J.; Pallardo, EV.; Pellny, TK.; Verrier, PJ.; Foyer, C.H.
Recruitment of glutathione into the nucleus during cell proliferation adjusts whole-cell redox homeostasis in
Arabidopsis thaliana and lowers the oxidative defence shield. Plant J. 2010, 64, 825-838. [CrossRef] [PubMed]

® © 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.bbapap.2016.02.006
http://dx.doi.org/10.1089/ars.2016.6959
http://dx.doi.org/10.1042/bj20100409
http://dx.doi.org/10.1016/j.plantsci.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23987814
http://dx.doi.org/10.1111/j.1365-313X.2010.04371.x
http://www.ncbi.nlm.nih.gov/pubmed/21105929
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fungal Infections 
	Bacterial Infections 
	Viral Infections 
	Mitochondria 
	Chloroplasts and Peroxisomes 
	Apoplast 
	Cytosol 
	Nuclei 
	Concluding Remarks 
	References

