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ABSTRACT 
Endogenous levels of reactive oxygen species (ROS), which are toxic to cells, increase in response to various environmental and 
developmental stimuli, inducing changes in cellular redox state that is maintained by the redox buffer glutathione. Such redox changes are 
used in signals for the regulation of plant growth and stress responses. In this review, in order to give further insight into the mechanism 
underlying ROS- and glutathione-associated physiological events, we present recent findings on and discuss the roles of ROS and 
glutathione in plant growth and development. 
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INTRODUCTION 
 
Plant development is largely dependent on the energy that is 
acquired from photosynthesis and influenced by abiotic and 

biotic stresses. How stresses influence plant development is 
concerned with metabolic pathways of redox low-molecu-
lar-weight molecules such as reactive oxygen species (ROS), 
glutathione and ascorbic acid (AsA), which maintain the 



International Journal of Plant Developmental Biology 1(2), 185-193 ©2007 Global Science Books 

 

cell in a reduced redox state. Since the stresses change cel-
lular redox state, plants have come to utilize the redox 
molecules as signals for sensing environmental changes to 
adapt themselves to the changing environment. A transient 
oxidative state following the stresses is one of the signals 
for sensing environmental changes. Such a redox change in 
cells induces posttranslational redox modifications of vari-
ous proteins, leading to pleiotropic developmental respon-
ses (summarized in Fig. 1). In some mammalian systems, it 
has been indicated that redox signal transduction is neces-

sary for cell proliferation and programmed cell death (PCD) 
processes (Sen 2000). Taking into account the ubiquity of 
ROS and glutathione, it is assumed that physiological events 
are redox-regulated in all aerobic organisms. 

Recent studies accumulate new findings on the redox 
regulation of plant development. In this review we intro-
duce pleiotropic roles of ROS and glutathione in the plant 
life cycle and discuss their significance in changes in the 
cellular redox status. 
 

Fig. 1 Scheme for plant development by redox regulation. Plants sense changes in cellular redox state in response to environmental changes. Such redox
changes alter the physiological functions of redox-regulated molecules, determining the cell fate in developmental event. See the text for details. 
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CELLULAR REDOX STATUS AND THE 
ENVIRONMENT 
 
Determinants of cellular redox state in plants 
 
ROS is a generic term for singlet oxygen (1O2), superoxide 
anion radical (O2

·-), hydrogen peroxide (H2O2) and hydroxyl 
radical (·OH). Since ROS, except for H2O2, are short-lived, 
H2O2 is the most potent signal for developmental regulation. 
In plant cells, O2

·- is disproportionated into H2O2 and O2 by 
superoxide dismutase (SOD), and then H2O2 is reduced to 
H2O by ascorbate peroxidase using AsA as an electron do-
nor. Monodehydroascorbate and dehydroascorbate, follow-
ing the scavenging of H2O2, are enzymatically reduced back 
to AsA using GSH and NAPDH as electron donors (Noctor 
and Foyer 1998). Oxidized glutathione (GSSG) is reduced 
by GSSG reductase. These metabolic couplings are called 
the ascorbate-glutathione cycle. Thanks to this cycle, the 
cellular redox state of the plant is kept reduced. In non-
stressful conditions, plant GSSG does not exceed 10% of 
the total amount of glutathione (GSH+GSSG). 
 
ROS generation 
 
The major compartment for ROS generation is the chloro-
plast (Asada 1999). When the absorbed photon energy ex-
ceeds the capacity of photosynthesis that is dependent on 
the electron flux to carbon fixation, excess electrons reduce 
dioxygen to O2

·- in photosystem I (PSI), followed by the 
disproportionation of O2

·- into H2O2 and O2 that is catalyzed 
by CuZn-SOD microcompartmented at the vicinity of PSI 
(Ogawa et al. 1995). In photosystem II (PSII), the ground 
state oxygen is exited to 1O2 (Hidég et al. 2001; Asada 
2006) even though it would be rapidly scavenged by �-caro-
tene. It is therefore easy to postulate that the rate of ROS 
generation would be enhanced with increasing light inten-
sity, but there has been no report considering whether pho-
toperiod influences ROS generation or not. However, consi-
dering that the night length of prevailing photoperiod that 
promotes the vegetative growth increases Rubisco contents 
resulting in increase of the electron flux from PSI to the 
Calvin cycle, ROS would be more liable to be generated in 
the night length of photoperiod that promotes the reproduc-
tive growth. Since light harvesting antenna chlorophylls 
absorb light most strongly in the blue and red portions of 
electromagnetic spectrum and absorption maxima of PSII 
and PSI are 680 and 700 nm, respectively, the rate of ROS 
generation would be relatively enhanced by red and blue 
light. C4 and CAM plants equip systems to concentrate and 
reserve CO2 and thus CO2 availability is higher in CAM and 
C4 plants than in C3 plants. Furthermore, photorespiration 
which accompanies ROS generation is not measurable in 
C4 and CAM plants. Considering these, ROS seems to be 
more easily generated in C3 plants than in C4 and CAM 
plants and that CAM and C4 plants appear more advanta-
geous in that they can drive the Calvin cycle in more stress-
ful conditions. However, we cannot easily conclude it be-
cause many of desert plant species are C3 plants. 

Other compartments of ROS generation are the plasma 
membrane, mitochondria and peroxisome (Mittler et al. 
2004). In rice, plasma membrane NADPH oxidase gene-
rates ROS as signal molecules for the resistance against pa-
thogen attack (Ono et al. 2001). The generation of O2

·- and 
its disproportionation into H2O2 and O2 take place in com-
plex I and III (Rhoads at al. 2006). In peroxisomes, enzy-
matic reactions such as glycolate oxidase and flavin oxidase 
generate H2O2 as a byproduct (del Río et al. 2006). In per-
oxisomes, O2

·- is generated by xanthine oxidase and an elec-
tron transport chain composed of a flavoprotein NADH:fer-
ricyanide reductase and a cytochrome b (del Río et al. 2006). 

Because of the physical traits of ROS, it is technically 
impossible to measure ROS in vivo. Nevertheless, it is esti-
mated that the chloroplast is the major compartment of ROS 
production and that O2

·- concentration in the stroma below 
10 nM (Ogawa et al. 1995; Asada 1999; Asada 2000; Asada 

2006). Dioxygen concentration in chloroplasts is estimated 
to reach to 300 �M when photosynthesis takes place, while 
that of mitochondria is estimated around 1 to 10 nM (Asada 
and Takahashi 1987). Therefore, it is reasonable to consider 
that other compartments generate much less ROS than chlo-
roplasts. 
 
Glutathione synthesis 
 
GSH is synthesized into two ATP-dependent reactions that 
are catalyzed by �-glutamylcysteine synthetase (�-ECS) and 
glutathione synthetase. The ch1-1 (chlorina1-1) mutant, de-
fective in the light-harvesting complex in photosystem II, 
accumulates the GSH precursor cysteine with a decreased 
level of GSH (Ogawa et al. 2004). Considering this together 
with the fact that cysteine is synthesized in three compart-
ments (chloroplasts, mitochondria and cytosol) and nega-
tively feed-back regulated in mitochondria and cytosol but 
not in chloroplasts (Noji et al. 1998), it can be concluded 
that GSH is synthesized in chloroplasts and that the �-ECS 
reaction is a limiting step for GSH synthesis (Ogawa et al. 
2004). 
 
Cellular redox changes in response to 
environmental changes 
 
Biotic and abiotic stress such as drought, chilling, heat shock, 
pathogenic infection and wounding restrict the availability 
of electron acceptor NADP+ in PSI, leading to increase in 
ROS generation in PSI. In response to increased ROS gene-
ration, GSSG production is also increased and the GSH/ 
GSSG ratio decreases. As mentioned above, chloroplasts 
are the major compartment of ROS generation and GSH syn-
thesis. Therefore, chloroplasts are the primary compartment 
that determines cellular redox state. 
 
REDOX-REGULATED MOLECULES 
 
Mechanisms sensing cellular redox status 
 
In order to sense cellular redox state, some proteins may be 
directly oxidized by ROS like yeast Gpx3, an H2O2 sensor 
(Delaunay et al. 2002), although there has been no evidence 
showing any functional modification of plant proteins by 
ROS. Another possibility of sensing the cellular redox state 
is functional modifications mediated by thiol compounds 
(Reactions 1 to 6, Fig. 1). 
 
2 GSH + RS2 � GSH + (SH)RS-SG � GSSG + R(SH)2        (1) 
2 GSH + RS-SR’ � GSH + RS-SG + R’SH � GSSG + RSH + 
R’SH                                              (2) 
RSH + R’S-SR’’ � RS-SR’ + R’’SH                     (3) 
R(SH)2 + R’S2 � (SH) RS-S R’SH� RS2 + R’(SH)2        (4) 
R(SH)2 + R’S-SR” � (SH) RS-SR’ + R”SH� RS2 + R’SH + 
R”SH                                              (5) 
RSH + GSH + H2O2 � RS-SG +2 H2O                   (6) 
 

Reactions 1 to 5 are all thiol-disulfide exchange reac-
tions; Reactions 1 to 3 are a simple monothiol mechanism, 
while Reactions 4 to 5 are a dithiol mechanism. Reaction 6 
can be mediated by peroxidases. When the GS moiety is 
covalently incorporated into Cys residue(s) in proteins, the 
reaction is called S-glutathionylation, S-thiolation or mixed 
(protein-nonprotein) disulfide formation. If there is/are any 
accessible free Cys residue(s) in proteins, the redox state of 
the cysteine residue(s) is changeable in response to the re-
dox state of glutathione and reducing proteins, thioredoxins 
(Trxs) and glutaredoxins (Grxs). 
 
Redox sensing molecules 
 
Phytohormone signaling 
 
Both ABI1 and ABI2 of Arabidopsis thaliana, which are in-
volved in abscisic acid (ABA) signaling, are type 2C of Ser/ 
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Thr phosphatases and their enzymatic activity is reversibly 
regulated by GSH and H2O2 in vitro, although it remains to 
be investigated in vivo (Meinhard and Grill 2001; Meinhard 
et al. 2002). The function of Arabidopsis ETR1, which is an 
ethylene receptor, is regulated via redox-sensing Cys65 in 
H2O2-induced stomatal closure, but Cys65 is not located in 
the catalytic domain (Desikan et al. 2005). 

Phytohormone-regulated developmental events might 
be associated with the ascorbate-glutathione cycle. AsA is a 
cofactor of GA20 3�-hydroxylase involved in gibberellic 
acid (GA) biosynthesis (Smith et al. 1990). The subunits of 
26S proteasome undergo S-glutathionylation (Dixon et al. 
2005). In this regard, redox regulation might involve some 
of 26S proteasome substrates involved in the regulation of 
morphology, such as NAC1 (a member of NAM, ATAF and 
CUC transcription factors) for auxin-responsive lateral root 
formation (Xie et al. 2002), SLR1 (SLENDER RICE 1) for 
GA-responsive stem elongation (Ueguchi-Tanaka et al. 
2005), PIN1 (Pin-formed 1) for auxin efflux carrier and 
some members of Aux/IAA (Auxin/indole-3-acetic-acid) 
transcriptional repressors for auxin signaling (Gray et al. 
2001; Petrášek et al. 2006). 
 
Metabolic enzymes undergoing S-
glutathionylation 
 
Sugar metabolism including reductive and oxidative pen-
tose phosphate pathways is a crucial determinant of plant 
growth and development. A cytosolic triosephosphate iso-
merase (TPI) and two plastidic fructose-1,6-bisphosphate 
aldolases (FBAs) from A. thaliana, which are enzymes in-
volved in sugar metabolism, are identified as proteins 
undergoing S-glutathionylation in vivo (Ito et al. 2003; 
Ogawa et al. 2005; Matsumoto and Ogawa 2008). TPI acti-
vity is suppressed by GSSG and recovered by excess GSH. 
In contrast, one FBA isozyme is activated by GSH or GSSG 
at pH 8, while, at pH 7, the activity is inhibited by GSH and 
not affected by GSSG (Ogawa et al. 2005; Matsumoto and 
Ogawa 2008). In addition to TPI and FBAs, many enzymes 
involved in sugar metabolism are identified as proteins 
undergoing S-glutathionylation (Table 1). These may sug-
gest that sugar metabolism is subjected to cellular redox 
changes following environmental changes. 

Recent proteomic analysis has revealed that numerous 
proteins including enzymes, structural proteins and stress-
induced proteins are S-glutathionylated in plants (Dixon et 
al. 2005). Although the physiological significance of S-glu-
tathionylation is not fully understood, proteins undergoing 
S-glutathionylation may be subjected to cellular redox chan-
ges following environmental stresses. Since glutamine syn-
thetase is a key enzyme in ammonium assimilation of the 
GS-GOGAT (glutamine synthetase-glutamate synthase) cy-
cle and it is well known that nitrogen availability positively 

correlates to growth and photosynthesis, S-glutathionylation 
of glutamine synthetase, identified by Dixon et al. (2005), 
may suggest that nitrogen fixation is redox regulated for 
plant development and photosynthesis. Considering that 
glutamate is the precursor of GSH, it may be redox regula-
ted for GSH synthesis. 
 
Transcription 
 
Two Cys residues in maize P1 regulator (ZmP1), a member 
of R2R3 MYB proteins, participates in redox-dependent 
DNA binding (Heine et al. 2004). In contrast, although sun-
flower HAHR1 and Hahb-10, homeodomain transcription 
factors, form a homodimer through the intermolecular di-
sulfide bridge, reduction of these factors increases the 
DNA-binding activity like ZmP1 (Tron et al. 2002). NPR1 
(nonexpressor of PR-1 gene) protein, which forms an inac-
tive oligomer through an intermolecular disulfide bond in 
normal conditions, is reduced to an active monomer in sys-
temic acquired resistance (SAR) induction, resulting in the 
translocation to the nuclei and the induction of PR-1 gene 
expression (Despres et al. 2003; Mou et al. 2003). 

Unlike ZmP1, the transcription of two chloroplastic 
genes is indirectly regulated by the GSH/GSSG redox state 
(Baena-González et al. 2001). In that case, the transcrip-
tional activity depends on the phosphorylation of RNA 
polymerase by a GSH/GSSG-regulated kinase (Baena-Gon-
zález et al. 2001). 
 
Translation 
 
In the chloroplast of Chlamydomonas, the translation of the 
Rubisco large subunit is arrested in response to a decrease 
in the GSH/GSSG ratio following increase in ROS levels 
(Irihimovitch and Shapira 2000). It is not inconsistent with 
the findings that some elongation factors are potential Trx 
and Grx targets (Buchanan and Balmer 2005; Rouhier et al. 
2005), although whether the proteins are redox regulated re-
mains to be elucidated. 
 
Possible second messengers of redox signaling 
 
Glutathione S-transferase (GST), glutathione peroxidase and 
formaldehyde dehydrogenase use GSH as an electron donor 
and possible producer of second messengers. Possible sig-
naling mechanisms involving these proteins have been dis-
cussed in Ogawa (2005). 
 
Thioredoxin and glutaredoxin 
 
Trxs and Grxs reduce the redox-sensitive disulfide bridge in 
numerous proteins, participating in the regulation of protein 
functions (Meyer and Hell 2005). Like Trxs and Grxs, the 

Table 1 S-glutathionylated enzymes involved in sugar metabolism in Arabidopsis thaliana. 
Enzyme Reference 
Cytosolic triosephosphate isomerase Ito et al. 2003 
Plastidic fructose-bisphosphate aldolase Ito et al. 2003 
Fructose-bisphosphate aldolase (outer mitochondrial membrane) Dixon et al. 2005 
Plastidic A4-glyceraldehyde 3-phosphate dehydrogenase Zaffagnini et al. 2007 
Glyceraldehyde 3-phosphate dehydrogenase (mitochondrial membrane) Dixon et al. 2005 
Sucrose synthase Dixon et al. 2005 
Decarboxylase Dixon et al. 2005 
Enolase Dixon et al. 2005 
Malic enzyme Dixon et al. 2005 
UDP-Glucose pyrophosphorylase Dixon et al. 2005 
UDP-Glucose dehydrogenase Dixon et al. 2005 
Fumarase Dixon et al. 2005 
Alcohol dehydrogenase Dixon et al. 2005 
Arginosuccinate synthase Dixon et al. 2005 
3-Isopropylmalate dehydratase Dixon et al. 2005 
Aconitate hydratase-like Dixon et al. 2005 
Sorbitol dehydrogenase Dixon et al. 2005 
dTDP-Glucose 4,6-dehydratase Dixon et al. 2005 
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strong reductant dithiothreitol (DTT) reduces the protein 
Cys residue(s) to modulate their function in vitro, but is 
unable to regulate some physiological events that are under 
the control of GSH (Yanagida et al. 2004). These suggest 
that those events are not regulated by a simple thiol-disul-
fide exchange reaction. Intensive studies provide candidate 
lists of Trx and/or Grx target proteins in various plants 
(Rouhier et al. 2004; Buchanan and Balmer 2005; Gelhaye 
et al. 2005; Rouhier et al. 2005). 

Monothiol Grxs having the CXXS motif (and other pro-
teins having reactive Cys residue(s), e.g., GST and dehydro-
ascorbate reductase (DHAR)) are able to catalyze S-gluta-
thionylation. Although an extensive S-glutathionylation is 
observed in vivo (Dixon et al. 2005; Ogawa et al. 2005), 
there have so far been no information on in vivo mediators 
of S-glutathionylation and no evidence showing that mono-
thiol Grx is a mediator of S-glutathionylation. 

Interestingly, it has been reported that some of Trx and 
Grx are identified as proteins undergoing S-glutathionyla-
tion (Gelhae et al. 2004; Michelet et al. 2005). The homodi-
meric alternative oxidase is activated through the reduction 
of its intermolecular disulfide bond by PtTrxh2, a poplar 
mitochondrial Trx that is shown to undergo S-glutathionyla-
tion in vitro (Gelhae et al. 2004). Some AtDHARs and 
AtGSTs that have been shown to undergo S-glutathionyla-
tion are induced by redox-perturbing reagents such as BSO 
and AsA or oxidative stresses in Arabidopsis (Dixon et al. 
2002, 2005). These might suggest that these proteins are 
mediators of S-glutathionylation. 
 
HOW DOES CELLULAR REDOX STATE 
INFLUENCE CELL FATE? 
 
Cell division 
 
An adequate level of GSH is required for the G1-to-S phase 
transition in synchronized tobacco BY-2 cells (Vernoux et al. 
2000). Exogenous application of GSH raised the number of 
root meristematic cells undergoing mitosis, while depletion 
of GSH by buthionine sulfoximine (BSO), an inhibitor of 
GSH synthesis, had the opposite effect in Arabidopsis (Sán-
chez-Fernández et al. 1997). High levels of GSH were asso-
ciated with the epidermal and cortical initials and markedly 
lower levels in the quiescent center (Sánchez-Fernández et 
al. 1997; Fricker et al. 2000). These experimental observa-
tions may imply an interrelation between endogenous GSH 
and proliferation activity, and some cell cycle machinery is 
dependent on GSH. Although it has not been reported yet in 
plants, ribonucleoside reductase is regulated by Grx1 in Es-
cherichia coli (Holmgren 1976). 
 
Cell expansion 
 
Cell size is influenced by ROS and/or glutathione. Exoge-
nous application of GSH makes short trichoblasts with long 
hairs, while depletion of GSH by BSO has the opposite ef-
fects in Arabidopsis (Sánchez-Fernández et al. 1997). In the 
growing zone of the maize root, cell wall loosening is mar-
kedly caused by the generation of .OH, which may be cata-
lyzed by the wall-locating peroxidase (Liszkay et al. 2004). 
These may suggest that redox regulation of the plasma 
membrane and cell wall is required for cell expansion. 

Recent proteomic analysis has identified cytoskeletal 
proteins such as tubulin and actin as targets of S-glutathio-
nylation in Arabidopsis (Dixon et al. 2005). Since G-actin 
polymerization is modulated by growth factor-induced deg-
lutathionylation in a human cell line (Wang et al. 2001), 
some proteins undergoing S-glutathionylation may contri-
bute to the regulation of cytoskeleton formation in cell ex-
pansion. 
 
Cell differentiation 
 
ZeRAC2, a Rac homologue as regulatory components of 
NADPH oxidase complex, is preferentially expressed in the 

cells facing developed tracheary elements (TEs) in Zinnia 
elegans (Nakanomyo et al. 2002). Taking into account the 
requisition of O2

·- and H2O2 in the spinach vascular tissue, 
ROS are necessary for the lignification of secondary walls 
during vascular formation (Ogawa et al. 1997). In cotton 
fiber formation, H2O2 is involved in the differentiation of 
secondary walls (Potikha at al. 1999). ROS are important 
not only for the cell wall synthesis as substrates but also for 
intracellular signal molecules. The transdifferentiation of 
isolated mesophyll cells into TEs is induced by auxin and 
cytokinin in the Zinnia experimental system (Fukuda and 
Komamine 1980). ROS scavengers or an inhibitor of 
NADPH oxidase suppresses TE differentiation of cultured 
mesophyll cells (Henmi et al. 2001; Ogawa et al. 2001). 
And application of GSSG at an early culture period (before 
expression of Zen1, an S1 endonuclease involved in autoly-
sis, Pesquet et al. 2004) promotes the differentiation, but 
that of GSH or GSSG at an advanced period (but still before 
Zen1 expression) suppresses it (Henmi et al. 2001). The sen-
sitivity of the cultured cells to glutathione during the differ-
entiation period is consistent with the changes in endoge-
nous GSH and GSSG and mRNA levels of DHAR and GR, 
which determine the cellular redox state of glutathione (Hen-
mi et al. 2005). Assuming that ROS affect TE differentia-
tion through the ascorbate-glutathione cycle and Zen1 ex-
pression is an event marker of autolysis that is an essential 
step for the cell to be TE, an early step of TE differentiation 
is regulated by changes in the redox state of glutathione. 
 
REDOX-REGULATED DEVELOPMENTAL EVENTS 
 
A developmental event is the integration of elementary pro-
cesses such as cell division, cell size control, cell differenti-
ation (Fig. 1). However, we cannot so far provide extensive 
information on how elementary processes occurring in indi-
vidual cells are integrated to regulate any physiological 
event. Thus, we only provide (probable) information on 
which developmental events are regulated by cellular redox 
state and discuss how each physiological event is regulated 
by cellular redox state. Information regarding redox meta-
bolism in flowering and bolting processes are coming in a 
review by Hatano-Iwasaki and Ogawa (2007). 
 
Germination 
 
In dormant pea and pine seeds, the ratio of GSSG to total 
glutathione is high, although GSSG is enzymatically re-
duced to GSH during imbibition (Kranner and Grill 1993; 
Tommasi et al. 2001). Considering that the oxidized form of 
transcriptional factors such as ZmP1 and Hahb-10 are inac-
tive, an oxidative state of glutathione in dormant seeds may 
contribute to the maintenance of the dormant phase. Seed 
germination is promoted by GSH in barley seeds (Fontaine 
et al. 1995), but inhibited in Arabidopsis (Ogawa et al. 
2001). Considering that exogenous H2O2 promotes germi-
nation in Zinnia and barley seeds (Fontaine et al. 1995; 
Ogawa and Iwabuchi 2001) and that endogenous ROS are 
essentially required for seed germination (Ogawa and Iwa-
buchi 2001), each cellular compartment and/or each cell are 
differentially regulated by redox state. In addition, some 
proteins, such as embryo globulin 1, are identified as Trx h-
specific targets in germinating embryo and the oxidative 
pentose phosphate pathway are activated following imbibi-
tion to supply NADPH, from which we can conclude that 
successive reduction of proteins by Trx system occurs after 
imbibition (Marx et al. 2003). 

Since GA and ABA regulate seed germination and dor-
mancy, GA and ABA signaling may be associated with the 
redox regulation of seed germination and dormancy. During 
seed germination, the degradation of PIL5 (PHYTO-
CHROME INTERACTING FACTOR 3-like 5) protein by 
proteasome is promoted by light signal through GA ac-
cumulation (Oh et al. 2006). ABA prevents the degradation 
of ABI5 (ABA insensitive 5) protein, a repressor of germi-
nation, from the photolytic activity of proteasome (Lopez-
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Molina et al. 2001). Considering the fact that �- and �-sub-
units consisting of 20S proteasome undergo S-glutathiony-
lation (Dixon et al. 2005), it might be concluded that GA 
and ABA signaling for seed germination and dormancy are 
redox regulated. 
 
Embryogenesis 
 
A homozygous mutation of Arabidopsis GSH1 encoding �-
ECS results in embryo-lethal, showing that de novo synthe-
sis of GSH is essential for embryo development and seed 
maturation (Cairns et al. 2006). In white spruce, the number 
and quality of embryos generated from primary embryonic 
tissues are improved by supplementation with 0.1 mM GSH 
and 1 mM GSSG, respectively (Belmonte et al. 2005). A 
transfer of tissues treated with GSH for seven days to 
GSSG containing medium results in synergistic improve-
ment in embryo number and quality. Increased mitotic acti-
vity and starch accumulation are observed in the treated em-
bryo. This is consistent with the positive effect of glutathi-
one on cell division. Starch accumulation might be associ-
ated with redox regulation of sugar metabolism. 
 
Organ morphogenesis 
 
Root and root hair growth 
 
Pharmaceutical alteration of glutathione levels affect root 
growth, trichoblast (hair-forming cells) length and root hair 
density and length (Sánchez-Fernández et al. 1997). Exoge-
nous application of GSH causes decreased trichoblast 
length and increased hair density and length. This observa-
tion is consistent with that of genetic alteration of glutathi-
one levels (Xiang et al. 2001). Severe mutation of Arabi-
dopsis GSH1 causes loss of the root meristem as shown in 
rml1 (root meristemless 1) mutants (Cheng et al. 1995; Ver-
noux et al. 2000). Overexpressing the GR gene in Arabi-
dopsis plants suppresses redox changes in glutathione and 
makes the root meristematic region narrow (Henmi et al. 
2005). These suggest that cell division and differentiation of 
the root is regulated by redox changes in glutathione. This 
conclusion is supported by the phenotype of atgr1 mutant: 
decreased density of lateral roots (Henmi et al. 2005). 

ROS generated from NADPH oxidase AtrbohD (Arabi-
dopsis thaliana respiratory burst oxidase homolog D) and 
AtrbohF genes contribute to root growth (Kwak et al. 2003). 
The requisition of ROS in root elongation is consistent with 
the fact that ROS are detected in the proliferating and elon-
gating parts during the germination of Zinnia seeds (Ogawa 
and Iwabichi 2001). It is also consistent with the ROS-de-
pendent regulation of plasma membrane channels and cell 
wall loosening during cell elongation (Demidchik et al. 
2003; Liszkay et al. 2004). 

In contrast, ROS generated from the NADPH oxidase 
RHD2 (ROOT HAIR DEFFECTIVE2)/AtrbohC gene are de-
tected in root-hair tips and contribute to root-hair growth 
(Foreman et al. 2003; Carol et al. 2005; Jones et al. 2007). 
Localization of ROS generation is associated with SCN1 
(SUPERCENTIPEDE1)/RhoGDI (RhoGTPase GDP DIS-
SOCIATION INHIBITOR) function that allows the activa-
tion of RHD2/AtrbohC in root hair tips. In the endodermis 
of the maize primary root, a transient and local accumula-
tion of ROS participates in root gravitropism (Joo et al. 
2001). SCN1/RhoGDI may function in root gravitropism as 
well. 

Although there has been no protein that is directly regu-
lated by ROS or glutathione during root growth and root 
hair development, the OXI1 (OXIDATIVE SIGNAL-INDU-
CIBLE1) gene that encodes a Ser/Thr kinase is induced in 
H2O2-treated roots and root hair cells (Rentel et al. 2004). 
OXI1 is a candidate for factors functioning downstream of 
RHD2/AtrbohC, judging from the short-root- hair pheno-
type of oxi1 mutant. 

 
 

Floral and leaf organs 
 
ROXY1, a dithiol Grx, determines the expression area of 
the class C gene AGAMOUS, which is involved in the petal 
development in Arabidopsis (Xing et al. 2005). This is sug-
gestive that petal morphogenesis is regulated by glutathione. 
Assuming that cellular ROS levels also regulate ROXY1, it 
is reasonable that Rboh antisense tomato plants exhibit in-
creased numbers of petal and fasciated styles and ovaries 
(Sagi et al. 2004). The Rboh antisense tomato plants also 
show the leaflets with smoother edges and less lobed, which 
may suggest that leaf morphogenesis is also associated with 
ROS-dependent regulation (Sagi et al. 2004). Like Rboh in 
tomato, BOP (BLADE-ON-PETIOL) proteins are involved 
in leaf and floral morphogenesis (Ha et al. 2004; Hepworth 
et al. 2005; Norberg et al. 2005). BOP1 and BOP2 are 
NPR1-like proteins with two conserved Cys residues, re-
sembling the SH group-mediating transcriptional regulation 
in SAR response. Although whether BOP proteins are con-
trolled like NPR1 remains to be elucidated, redox-regula-
tion of BOP proteins seems likely, considering that both leaf 
and floral morphogenesis involve the same enzymes regar-
ding ROS generation. 

In Arabidopsis leaves, oxidative stress induces ectopic 
trichome formation, and this is suppressed by the ttg (trans-
parent testa glabrous) mutation (Nagata et al. 1999). Consi-
dering that the TTG gene is required for the initiation of tri-
chome formation, ROS is required for the initial stage, at 
least upstream of TTG function, of trichome development. 
The genes involved in GSH synthesis are highly expressed 
and cytosolic GSH content in trichome is much higher than 
that in the trichome basement and epidermal cells (Gutier-
réz-Alcalá et al. 2000). ROS may be associated with the 
redox state of glutathione in trichome development. Interes-
tingly, TTG is also required for root hair patterning (Galway 
et al. 1994; reviewed in Teixeira da Silva and Nhut 2003). 
Trichome and root hair development is partially regulated 
by a common mechanism via glutathione and ROS metabo-
lism. 
 
Death process 
 
Senescence 
 
BSO completely prevents chilling-induced senescence and 
the inhibitory effect of BSO is abolished by GSH, but not 
by DTT, in Eustoma grandiflorum, suggestive that senes-
cence is regulated specifically by GSH (M. Yanagida and K. 
Ogawa, unpublished data). In leaf senescence of pea, total 
glutathione increases until chlorophyll content starts to dec-
rease, and decrease after that (Vanacker et al. 2006). 

Anthocyanins are accumulated during senescence. 
Transgenic Arabidopsis plants with reduced glutathione con-
tent accumulate reduced levels of anthocyanins (Xiang et al. 
2001). This is consistent with the fact that phenylpropanoid 
biosynthesis is regulated by PAP1/AtMYB75 and PAP2/ 
AtMYB90, members of R2R3 MYB family, with conserved 
two Cys residues like ZmP1 (Borevitz et al. 2000). In ad-
dition, TT19 (TRANSPARENT TESTA 19), a member of 
Arabidopsis GST family, is essential for vacuolar accumula-
tion of anthocyanins (Kitamura et al. 2004). Thus, anthocy-
anin accumulation during senescence is strongly associated 
with glutathione. 

Ethylene, one plant hormone promoting senescence, is 
synthesized from methionine as a precursor. Interestingly, 
methionine synthase and 1-aminocyclopropane-1-carboxy-
lic oxidase involved in ethylene biosynthesis are found to 
undergo S-glutathionylation (Dixon et al. 2005), implying 
that senescence is redox-regulated at the level of plant hor-
mone. Ethylene induces respiratory oxidative burst (de Jong 
et al. 2002) and such an oxidative condition may accelerate 
S-glutathionylation of the enzymes. This may be indicative 
that there is a positive feed-back regulation in ethylene sig-
naling. 
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Programmed cell death (PCD) 
 
Prior to induction of aleuronic PCD during cereal seed ger-
mination, GA decreases antioxidants activity such as ascor-
bate peroxidase, catalase and SOD to increase the sensiti-
vity to the death signal H2O2 (Fath et al. 2002), indicating 
that the aleuronic PCD is concomitantly regulated by ROS 
metabolism and plant hormonal control like TE differentia-
tion process, another developmental PCD (see section on 
cell differentiation). Since PCD including hypersensitive-
response-like response has been suggested to involve gluta-
thione (Senda and Ogawa 2004; Henmi et al. 2005), aleuro-
nic PCD might also be regulated by glutathione. 
 
CONCLUDING REMARKS 
 
The findings described above may be a cue to improving 
agriculturally and horticulturally important traits that are 
labile to environmental changes. Since environmental chan-
ges determine whether redox-sensing molecules regulating 
the traits are reduced or oxidized, modifications making the 
molecules free from redox regulation might make the traits 
stable regardless of stressful conditions. In order to realize 
this, it should be necessary to identify which redox-regu-
lated protein regulates the subject traits. 

Proteins undergoing S-glutathionylation are ubiquitously 
identified among eukaryotic and prokaryotic cells (Klatt 
and Lamas 2000; Lillig et al. 2003). Considering that cer-
tain proteins are reversibly regulated via S-glutathionyla-
tion/deglutathionylation (Ito et al. 2003; Matsumoto and 
Ogawa 2008), the S-glutathionylation/deglutathionylation 
regulation may be a molecular switch for modulating pro-
tein functions. It is similar to the phosphorylation/dephos-
phorylation system in that both are reversible reactions, but 
seems more advantageous in that a broad range of proteins 
are simultaneously regulated by cellular redox changes in 
response to environmental stimuli. In this regard, glutathi-
one is not only a simple antioxidant but also a key molecule 
to adapt the plants to the changing environments. Since a 
large amount of dioxygen is evolved following photosyn-
thesis, ROS levels in chloroplasts are much higher than 
those in mitochondria. In this respect, plants may have 
developed the sensing system of cellular redox changes for 
a survival strategy. 
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