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Hydrogen peroxide functions as a stress signal in plants
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Abstract. Plants have evolved complex regulatory mechanisms in adapting to various environmental stresses. One of
the consequences of many stresses is an increase in the cellular concentration of reactive oxygen species (ROS),
which are subsequently converted to hydrogen peroxide (H,0,). An oxidative burst caused by biotic or abiotic stress
leads to a disturbance in the cellular redox balance and is highly toxic to cells. Recently, H,O,, in addition to being a
toxicant, has been regarded as a signaling molecule and a regulator of the expression of some genes in cells. These
include genes encoding antioxidants, cell rescue/defense proteins, and signaling proteins such as kinase, phosphatase,
and transcription factors. Here, we review the function of H,O, as a signal molecule in the transduction of stress
signals to the alteration of expression profiles of target genes, and we summarize the evidence that H,O, acts as a
stress signal in plants.
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Abbreviations: ABA, abscisic acid; AP-1, activator protein-1; APX, ascorbate peroxidase; AsA, ascorbic acid; AtCBL 1,
Arabidopsis calcineurin-B-like protein; BSO, buthionine sulfoximine; CAT, catalase; CBF1, C-repeat binding factor;
COR, cold regulated gene; CRT/DRE, C-repeat and dehydration-responsive element; DHAR, dehydroascorbate
reductase; DREBs, DRE binding proteins; y-ECS, gamma-glutamylcysteine synthetase; GPX, glutathione peroxidase;
GR, glutathione reductase; GSH, glutathione; GSSG, glutathione disulfide; GST, glutathione S-transferase; H,0,,
hydrogen peroxide; HO', hydroxyl radical; MAPKs, mitogen-activated protein kinases, MAPKK s, mitogen-activated
protein kinase kinases; MAPKKK's, mitogen-activated protein kinase kinase kinases; MDHAR, monodehydroascorbate
reductase; NF-kB, nuclear factor kB; NPK-1, Nicotiana protein kinase-1; O,", superoxide radical; PCD, programmed
cell death; POX, peroxidase; PP2C, protein phosphatase 2C; PT Ps, phosphotyrosine-specific phosphatases, ROS,

reactive oxygen species, SOD, superoxide dismutase; UV, ultra-violet.

Contents

L1 goTo [8Tox 1o o BRSSO PSP P TSP PSP PRSTUTPPRPPTPRPRON 1
The Generation and REMOVaAl Of H,O, .....cuvuiiiiiiii s 2
H,0, 852 Signaling MOIECUI ..........oucviii s 3
Roleof Ca?* inH,O, Signaling PathWay .............c.ccuiuiiiciciecc s 4
The Role of Kinases and Phosphatases in the H,O, Signaling Pathway .............ccooeiiiiiiiiiiiccc 5
Transcriptional Regulation of Gene Expression in Responseto H,O, ........cvviiiiiiiii e 5
COMNCIUSIONS ...ttt bttt bbb b s 2 b b4 e 8o E s e 8RRt 28 E e h £ A0 0 E b e e R b et e e R b eh b e b b et ne b bt ennas 6
I = (1 = O = T 6

I ntroduction

In nature, plants are exposed to various stresses, which
affect their physiology, morphology, and development.
Every year, environmental stress causes considerable
losses in the productivity of many crops. Among these
stresses, the fluctuation of temperature, the water status
of soil, and the intensity of light are the most crucial sig-
nals affecting plant growth (Boyer, 1982; Trewavas and
Malho, 1997). In addition to external stimuli, a variety of
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interna signals, such as hormones and nutrient conditions,
also modify aplant’s metabolism, growth, and devel opment.
Hence, rapid and precise perception of and response to
various stimuli are important as plants adapt to changing
natural environments. However, how a plant perceives en-
vironmental changes and how it subsequently triggers sig-
nals to activate the physiological response are yet to be
explored.

Extensive study on oxidative stress has demonstrated
that exposure of plants to adverse environmental condi-
tions induces the overproduction of ROS, such as super-
oxideradica (O,7), H,0,, and hydroxyl radica (HO) in plant
cells (Wise and Naylor, 1987). ROS are highly reactive to



membrane lipids, protein, and DNA; they are believed to
be the mgjor contributing factors to stress injuries and to
cause rapid cellular damage (Hariyadi and Parkin, 1993;
O'Kaneet al., 1996; Prasad, 1996), particularly when plants
are exposed to low temperature. At low temperature, elec-
tron transport chains tend to form O,", which dismutates
to form H,0,. In chloroplasts, low temperature limits the
light reactions, restricting the supply of NADP* and pro-
moting the reduction of O, by photosystem I. In
mitochondria, inhibition of ATP formation or electron flow
through cytochrome b stimulates O, formation by com-
plex | and by ubiquinone (Elstner, 1991). Therefore, more
serious damage is observed when plants are exposed to
low temperature in combination with high light intensities,
drought, air pollutants (e.g. ozone or sulphur dioxide), ul-
traviolet light, and herbicides (e.g. paraguat) (Inzé€ and Van
Montagu, 1995).

Plants have evolved both enzymatic and non-enzymatic
mechanisms to scavenge the rapidly evolving ROS under
low temperature or other stresses. Enzymes, including su-
peroxide dismutase (SOD), catalase (CAT), peroxidase
(POX), ascorbate peroxidase (APX) and glutathione reduc-
tase (GR) (Zhang et al., 1995; Lee and L ee, 2000), and non-
enzymatic antioxidants such as tocopherols, ascorbic acid
(AsA), and glutathione (GSH) (Wingsle and Hallgren, 1993;
Kocsy et a., 1996; Noctor et al., 1998) work in concert to
detoxify ROS. Among the antioxidant mechanisms AsA is
akey antioxidant for elimination of ROS, especialy H,O,.
The reaction of AsA with H,0, can occur directly or it can
be catalysed by APX. APX, a key H,O,-scavenging
enzyme, is found in the cytosol, chloroplasts, and mito-
chondria of higher plants (Mittler and Zilinskas, 1991,
Patterson and Poulos, 1995; Jimenez et al., 1997; Asada,
1999). The regeneration of AsA is catalysed directly by
reduced ferredoxin in photosystem | (Asada, 1999) and by
monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR), and GSH. APX,
MDHAR, DHAR, GSH/glutathione disulfide (GSSG),
NADPH, and GR together form the ASA—-GSH cycle, an
H,O,-scavenging pathway (Foyer and Halliwell, 1976;
Noctor et al., 1998). In accordance with its role in scav-
enging H,0,, APX expression is induced in response to
chilling (Mittler and Zilinskas, 1992; Thomsen et al., 1992;
Kubo et al., 1995; Karpinski et al., 1997). Glutathioneisa
crucial antioxidant associated with regenerating AsA in the
ASA—GSH cycle, and thusGSH isalso involved in the regu-
lation of H,O, concentrations and control of the redox state
inplant cells (Kocsy et a., 2000a, b; Kocsy et a., 2001).

Our present understanding about the stress signaling
in plentsis that the changes of GSH/GSSG, following the
synthesis of H,O,, constitute an early stress signal |lead-
ing to the physiological response, usually activation of
antioxidant mechanisms or modification of gene expression
(Trewavas and Malhé, 1997). It is suggested that GSH and
GR are important factors participating in the redox state
regulation of plant cells. The ratio of GSH to GSSG de-
creases under stress conditions. GSH is oxidized for the
reduction of excessH,O, in the AsA-GSH cycle (Foyer et
al., 1997; Kocsy € a., 2001; Yu et al., 2002) upon stress.
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The increase in H,O, level and subsequent changes in
the GSH/GSSG ratio during chilling seem to beinvolved in
redox signaling, which activates specific transcription fac-
tors and antioxidative enzymes. Indeed, it has been shown
that pretreatment of seedlings with H,O, induces chilling
tolerance (Yu et al., 2002; Yu et al., 2003). More studies
have provided evidence that H,O, itself is a key signal
molecule mediating a series of responses. Other studies
suggest that H,O, is asignal mediator for programmed cell
death (PCD) of plantsin response to pathogens, elicitors,
and hormones (Levine et al., 1994; Tenhaken et al., 1995;
Levineet al., 1996; Desiken et al., 1998; Mittler et a., 1999;
Solomon et al., 1999; Bethke and Jones, 2001). Furthermore,
anumber of studies indicate that H,O, is synthesized in
response to exogenous abscisic acid (ABA) and that H,O,
mediates, at least in part, ABA responses, including sto-
matal closure and gene expression (Guan et a., 2000; Pei
et a., 2000). Using cDNA microarray technology to carry
out a transcriptomic analysis, Desikan et al. (2001a) pro-
vided further evidence of H,O, as a central signaling
mediator. Their study showed that the expression of some
genes is up-regulated by H,O,. In addition, some are
repressed. Classified by their potential biological functions,
these genes include heat shock proteins, heat shock tran-
scription factors, mediators for calcium signal trensduction,
such as calmodulin, important signaling enzyme protein
tyrosine phosphatases (PTPs), a blue copper-binding pro-
tein which is an essential catalyst for redox reactions, a
mitochondrial uncoupling protein, pyruvate decarboxylase,
and a myb-related transcription factor. In addition, some
of the H,O,-sensitive genes could also be involved in plant
hormone signaling. It is interesting to note that various
genes encoding potential transcription factors were in-
duced by H,0,, suggesting that these transcription fac-
tors mediate further downstream H,O, responses and finally
induce physiological changes to promote adaptation to
stresses.

Our knowledge about the scope of stress-induced sig-
naling in plants leading to modification of gene expression
has increased in recent years. A number of signaling mol-
ecules have been demonstrated to be involved in the
stress signaling pathway. Evidence that H,O, serves as a
messenger to pass the stress signal to downstream re-
sponses in plants is presented below.

TheGeneration and Removal of H,O,

Stress often leads to the production of ROS such as
O, and H,O, in plant tissues (Desikan et a., 2003). ROS
are highly active molecules that can easily damage mem-
brane and other cellular components. Hence, it is impor-
tant to remove ROS to avoid chilling or other
stress-induced injuries. Anti-oxidation mechanisms of the
cell include the enzymatic ROS-scavenging system and
non-enzymatic antioxidants. Scavenging mechanisms for
ROS involve these enzymes: SOD, CAT, APX, MDHAR,
DHAR, glutathione peroxidase (GPX), and GR (Payton et
al., 2001).
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H,O, can be directly decomposed through CAT. On the
other hand, by combining APX with GR, H,0, can a'so be
removed via recurrent oxidation-reduction reactions pro-
moted by GSH, hence preventing cell damage.

Non-enzymatic antioxidants include pigments, vitamin
E, tocopheral, AsA, and GSH (Wingsle and Hallgren, 1993).
Among these, GSH is most important. Glutathione is acom-
mon cellular component. Its biological functions include:
(1) adjusting gene performance (May et a., 1998; Wingate
et al., 1988); (2) acting as a precursor in the synthesis of
phytochelatin; (3) serving as a substrate of glutathione
S-transferase (GST), and thus assisting in clearing the
harmful componentsin the cell (Marrs, 1996); (4) relating
to cell cycle control (Gyuriset al., 1993; Russo et al., 1995;
Shaul et al., 1996; Sanchez-Fernandez et d., 1997) ; and (5)
playing the key role in the ASA-GSH cycle. This last one
is generally considered the most important biological func-
tion of GSH (Alscher, 1989; May et al., 1998; Kocsy et d.,
2001). Therefore, elevating the total quantity of GSH within
a plant becomes the critical step in reducing stress injury
(Kocsy et d., 20003, b; Kocsy et d., 2001).

The fluctuation of the GSH level also could be a good
indicator of the redox status within plant cells. Therefore,
it isinteresting to monitor this fluctuation in stressed plant
cells. For example it was observed that mung bean seed-
lings receiving various stresses—chilling, ozone, and heat
shock treatments—showed 2.8, 3.9, and 1.9-fold incresses,
respectively, in transient GSH level over the level in the
control plants. Salt stress and flooding treatments pro-
duced moderate GSH increases of 36% and 60%,
respectively. Interestingly, the GSH content of drought
stressed mung bean plants dropped to 52% of the control
level. Using buthionine sulfoximine (BSO) to inhibit re-
duced GSH synthesis, our previous studies also demon-
strated that GSH is the “key” molecule in the acclimation
of mung beans to chilling stress (Yu et al., 2002; Yu et al.,
2003). Thus, the gene coding for gamma-glutamylcysteine
synthetase (y-ECS) (the rate limiting enzyme in the syn-
thesis of GSH) must be a critical downstream target gene
of H,0O, triggered signal transduction.

Together, these defensive responses imply that one
consequence of many stresses is an increase in the con-
centration of ROS (Mittler, 2002). ROS are generated via
electron transport reactions both in mitochondria and chlo-
roplasts (Wise and Naylor, 1987; Elstner, 1991) and are
speedily converted to H,0,. In cells, H,0, is also gener-
ated via several enzyme-mediated reactions, such as
glycollate oxidase during photorespiration, acyl CoA oxi-
dase during B-oxidation, oxalate oxidase that converts ox-
aate and oxygen to H,0, and CO,, and NADPH oxidase (a
plasma membrane located enzyme) that transfers electrons
from NADPH to molecular oxygen to generate O,"
(subsequently converted to H,O,) (Desikan et al., 2003).
The effects of various stresses on H,O, generation have
not yet been completely reveaed, nor isit known which if
any of these enzymes isinvolved in stress-induced H,O,
synthesis.

Glutathione was shown to regulate the redox status of
cells. Disturbance of cellular redox homeostasis may acti-
vate transcription factors and gene expression of those in-
volved in the protection of plants against damage during
chilling and cold acclimation (Kocsy et d., 2001). This may
be explained by the fact that the stress-induced oxidized
state of the cell may lead to the disulfide bridge formation
in proteins, including transcription factors. The modifica-
tion of proteins may lead to conformational change and
consequently activate transcription factors, which will in
turn control the expression and accumulation of certain
antioxidants, as described for E. coli (Aslund and Beckwith,
1999).

H,O, asa Signaling Molecule

ROS are extremely reactive moleculesthat have high af -
finity to membranes, DNA, or proteinsin plant cells. It is
not surprising that until recently ROS were still viewed
mainly astoxic cellular metabolitesin plents. However, in-
creasing lines of evidence support the idea that ROS also
function as signaling molecules that mediate responses to
various stimuli (Desikan et al., 2004). Among ROS, H,O,
seems best suited to play the role of signaling molecule
dueto its higher stability and longer half-life. If H,O, serves
as astress signal, the fluctuation of H,O, level in plants
should spatially and temporally reflect changes in the
environment. Indeed, an oxidative burst is a common re-
sponse to both biotic and abiotic stresses (Desikan et al.,
2003). These stresses include pathogens, elicitors,
wounding, heat, low temperature, ultra-violet (UV) light,
and ozone. For example in winter wheat (Triticum aestivum
L.) leaf, chilling at 4°C caused the H,0, level to increase
to threefold that of control within 1 min (Okudaet d., 1991).
Similarly, ROS levels shot up during chilling of non-accli-
mated maize seedlings.

It is further reported that maize seedlings pretreated
with H,O, or menadione, an O, -generating compound, ac-
quire additional chilling tolerance as compared with con-
trol plants (Prasad et al., 1994). These findings suggest that
chilling-induced ROS appears as a message to induce an-
tioxidant systems in cells. In addition to plants, H,O, has
been also demonstrated to act as a secondary messenger
in mammalian cells, mediated through the activation of tran-
scription activators, such as nuclear factor kB (NF-kB)
(Schreck et al., 1991) and AP-1 (activator protein-1; acom-
plex composed of jun and fos gene products) (Rao et al.,
1996). Thus H,0O, seems to serve as a common stress sig-
nal in organisms.

For H,0, to really be a specific signaling molecule, a
mechanism must exist to perceive the elevation of H,O, in
cells. H,O, can interact with cysteine residues within
proteins. This redox modulation of protein could poten-
tialy ater protein conformation, affecting protein activity,
and therefore initiating subsequent cellular responses.

The yeast Saccharomyces cerevisiae has been a use-
ful model for exploring the eukaryotic response to oxida-
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tive stress. The modifications of thiol residues leading to
conformational change of protein by H,O, have been dem-
onstrated in vitro for the yeast transcription factor YAPL.
Coleman et al. (1999) have shown that controlling the ac-
tivity of the positive transcriptional regulator YAPL is a
key step in inducing normal tolerance of oxidative stress
elicited by the redox-active agents diamide and H,0,. A
cysteine-rich domain of YAP1 was required for H,O,
resistance, which influenced the nuclear localization of
YAP1 when it was activated. Two cysteines in this domain
are essential for YAPL oxidation.

Information on how higher organisms perceive the
change of the cellular redox stateis still limited. Our previ-
ous studies showed that H,O, applied to the abaxial sur-
face of a Phalaenopsis leaf increased chilling tolerance
effectively; however, adaxial surface application was not
effective. Although H,O, can freely diffuse across mem-
branes (Bowler et al., 1992), no changesin the leaves’ en-
dogenous H,O, levels were observed after exogenous
application of H,O, (Yu et al., 2003). These observations
suggest that receptors on the plant surface, interacting
with H,O, molecules, might initiate the signal for develop-
ment of chilling tolerance. Alternatively, the difference be-
tween the abaxial end adaxial treatment effects might have
been due to the easier access of H,O, molecules to recep-
tors located in the mesophyll through the abaxial stomata.
In either case, the receptor seems to be isolated from the
major pool of endogenous H,0O,.

H,0, was aso clearly demonstrated to play a prominent
role in the transduction of ABA signals in Arabidopsis
(Menhard and Grill, 2001; Meinhard et al., 2002) by regu-
lating the activity of phosphatase. In this pathway,
Arabidopsis protein phosphatase 2C (PP2C) enzymesABI1
and ABI2 serve as direct targets for H,O, modification of
cysteine residues in vitro (Meinhard and Grill, 2001,
Meinhard et a., 2002). ABI1 and ABI2 are type 2C serine/
threonine protein-phosphatases that are negative regula-
torsof ABA signding (Lenug et al., 1997). Upon H,O, chal-
lengeinvitro, ABI1 and ABI2 are inactivated rapidly, with
an IC_, value of 140 uM for ABI1 and 50 uM for ABI2 in
the presence of physiological concentrations of GSH
(Meinhard and Grill 2001; Meinhard et a., 2002). Based on
these findings, ABI1 and ABI2 represent alikely receptor
for the H,O, signal in higher plants.

It is reported that, in animals, H,O, activates the tran-
scription factor NF-kB (Schreck et al., 1991). NF-kB usu-
ally residesin the cytoplasm of the cell in association with
an inhibitor, Ik-B. Addition of H,0, to cells resultsin the
dissociation of NF-kB from 1k-B and translocation of acti-
vated NF-kB into the nucleus, thus triggering related gene
expression. Other transcriptions affected by exogenous
H,O, include AP-1 (Rao et al., 1996), Myb (Myrset et a .,
1993), and Ets (Wasylyk and Wasylyk, 1993).

Roleof Ca* in H,0O, Signaling Pathway

Cold signal transduction can be defined as a process
that starts with the perception of low temperature and ends
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with the expression of genes encoding proteins that lead
to increased chilling tolerance of plants. Ca?* provides fa-
vorable features as a secondary messenger and serves as
one of the major componentsin the cellular signaling path-
ways of many organisms (Sanders et al., 1999). Cytosolic
Ca?* signals can be viewed as the result of two opposing
factors: influx into and efflux out of the cytosol (Sanders
et al., 1999). Under ambient conditions, delicate control is
required to maintain homeostasis; and upon instances of
stress, monitoring the fluctuation of cytosolic Ca*
concentration, [Ca**_ ], is necessary for interpreting the
signal. Many studies have revealed that transient [Ca ]
fluctuation plays an essential signaling role in many stress
responses (Monroy and Dhindsa, 1995; Sanders et al.,
1999). Nevertheless, how various stress signals are medi-
ated through Ca?* to subsequently affect the expression
of different downstream genesis still unclear. At least we
know that many factors—including duration, frequency,
and location of the Ca2* signal, as well as interactions with
other cellular components—affect the downstream re-
sponse (McAinsh et a., 1997; Sander et al., 1999).

Cold shock evoked transient increasesin [Ca*_ ] level
in tobacco and Arabidopsis (Knight et al., 1991; Knight et
al., 1996; Polisensky and Braam, 1996; Lewiset al., 1997).
These findings suggested that calcium influx plays a ma-
jor role in the cold shock response and also that an intrac-
ellular calcium source might be involved. Further evidence
indicated that H,O, and Ca** were both involved in asig-
naling cascade leading to the closure of stomata in
Arébidopsis (Pei et a., 2000). In this study, H,O,-activated
Ca?* channels mediated both the influx of Ca?* in proto-
plasts and increases in [Caz*cyt] in intact guard cells (Pei
et al., 2000). In addition to serving asalink in asignaling
cascade, the fluctuation of [Ca*_ ] could be one of the
mechanisms that lead plants to remember what they have
suffered (Knight et al., 1996). This inference comes from
the observation that Arabidopsis treated with either sub-
lethal cold or H,O, modifies its calcium signature in re-
sponse to subsequent cold stress as compared to an
untreated control (Knight et al., 1996). Based on these
findings, it is proposed that a Ca?* channel may be em-
ployed as a possible putative cold sensor in higher plants.

More lines of evidence concerning the relationship be-
tween H,O, and Ca?* signals were provided by the study
of H,O, homeostasis in Arabidopsis (Yang and Poovaiah,
2002). Yang and Poovaiah (2002) indicated that a close in-
teraction exists between intracellular H,O, and cytosolic
Ca?* in response to biotic and abiotic stresses. This study
indicated that an increase in cytosolic Ca*" boosted the

generation of H,0,.

In summary, treatment with H,O, could activate Ca**
channelsto elevate [Ca?* ] level (Pei et al., 2000). For a
certain period of time, this could be autocatalytic, because
H.,O, production in the oxidative burst requires a continu-
ous Ca?* influx, which activates the plasma membrane-lo-
calized NADPH oxidase (Lamb and Dixon, 1997; Xing et
a., 1997; Grant et a., 2000; Yang and Poovaiah, 2002). L ater,
the [Ca2+cyt] elevation activates the calcium sensor
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calmodulin and subsequently passes the signal to a down-
stream target “ CAT.” Thisfinaly down-regulates H,O, lev-
els by stimulating the plant CAT activity. Together, these
results provide evidence indicating that Ca?* has dua func-
tionsin regulating H,O, homeostasis, which in turn influ-
ences redox signaling in response to environmental signals
in plants (Yang and Poovaiah, 2002).

The Role of Kinases and Phosphatasesin the
H,O, Signaling Pathway

Reversible protein phosphorylation and
dephosphorylation, catalysed by protein kinases and pro-
tein phosphatases (PTPs), respectively, isa common mo-
lecular mechanism that passes on information within cells
(Rudd and Franklin-Tong, 1999). Substrate specificity for
protein phosphatases can be classified into two major
groups, serine/threonine phosphatase and tyrosine phos-
phatase (Luan, 1998). Ca?*-regulated protein phosphatase
playsarolein cold signal transduction. The expression of
Ca?* binding calcineurin-B-like protein (AtCBL 1), an effec-
tor of calcium signaling, is highly up-regulated by cold,
drought and salt stressesin Arabidopsis (Kudlaet al., 1999;
Hasegawa et al., 2000). Notably, the expression of recep-
tor-like PTPase, AtPTP1, istransiently down-regulated by
cold treatment (L uen, 1998).

Studies of protein kinases have shown that mitogen-
activated protein kinases (MAPKSs) are activated by H,0,
in both animals and plants, which could lead to the modu-
lation of gene expression (Kamata and Hirata, 1999;
Zwerger and Hirt, 2001; Torres and Forman, 2003). Whether
H,O, has a direct effect on MAPK or activates upstream
effectorsisunclear (Hancock et al., 2001).

In addition to activating MAPK, H,O, inhibits phos-
phatase ectivities, probably by the direct oxidation of cys-
teine in the active site of these enzymes. Hence, instead
of positively transmitting a Ca?* signal, some types of pro-
tein phosphatase such as PP2C act as a negative regula-
tor of ABA signaling (Leung et d., 1994; Meyer et al., 1994;
Sheen, 1998; Gosti et a., 1999; Merlot et al., 2001). The
Arabidopsis with null mutationsin abil and abi2 (genes
coding for a PP2C) loses its susceptibility to ABA and
shows a diminishing of ABA-induced [Ca*_ ] elevation
(Allen et al., 1999; Murataet al., 2001). The abi1 mutation
has been shown to diminish cold-inducible gene
expression, affecting the development of cold-induced
freezing tolerance in abil-knockout Arabidopsis (Leung et
al., 1994; Meyer et a., 1994; Gosti et al., 1999; Merlot et
al., 2001). These observations could explain at least part
of therole of H,O, in the ABA-triggered signal transduc-
tion pathway. However, the function of PTPase and itsin-
teraction with H,O, in cold signal transduction remain to
be elucidated.

Besides PTPase, the signal transduction in many eukary-
otic cellsis also controlled by protein phosphorylation by
MAPKSs (Stone and Walker, 1995; Gustin et a., 1998). In
the MAPK cascade, mitogen-activated protein kinase ki-
nase kinases (MAPKKKSs) are the primary signal receiver,

activated via phosphorylation by mitogen-activated pro-
tein kinase kinases (MAPKKS). In recent years various
groups have shown that H,0, is ableto activate the MAPK
cascade in plants and thus provide the linkage between
an upstream H,0O, signal and downstream gene expression
(Desiken et a., 1999; Grant et al., 2000; Kovtun et al., 2000;
Desikan et al., 2001b). Activation of MAPKs by H,O, isa
critical step in mediating cellular responses to multiple
stresses (Kovtun et al., 2000). The ANP class of
MAPKKKs from Arabidopsis can be induced specifically
by H,0,, and this then activates a specific class of stress-
induced MAPKSs (Kovtun et al., 2000). These MAPKs ac-
tivated by ANP1 include AtMPK3 and AtMPK®6 of
Arabidopsis (Mizoguchi et a., 1996; Ichimuraet a ., 2000).
By sequence comparison, Arabidopsis ANPL is classified
asaNicotiana protein kinase-1 (NPK-1) like protein kinase.
Transgenic plants over-expressing ANP1 show extra tol-
erance to heat shock, freezing, and salt stress (Kovtun et
al., 2000). Recently, arelated study found that Arabidopsis
nucleoside diphosphate kinase 2 (NDPK2) is an important
upstream signaling component of the AtMPK3 and
AtMPK6-mediated signaling cascade, which fortifies plants
against cold, salt, and oxidative stress (Moon et al., 2003).
This phenomenon seems to occur because the expression
of AtNDPK2 antagonizes the elevation of cytosolic H,0,
induced by stresses. Together, all of these data suggest
that various stresses induce a generation of cytosolic H,0,,
which in turn induces aMAPK cascade that subsequently
stimulates expression of antioxidant genes, reducing H,0,
levels end restoring cellular homeostasis.

Transcriptional Regulation of Gene Expres-
sion in Responseto H,O,

H,O, modulates the expression of various genes, includ-
ing those encoding antioxidant enzymes and modul ators
of H,O, production (Neill et al., 2002). However, access-
ing the enzymes involved in the oxidative scavenging sys-
tem can only provide pieces of ajigsaw puzzle, and it is
difficult to visualize the whole picture of how plants re-
spond to various environmental stimuli. Using cDNA
microarray technology, Desikan et al. (2001a) have under-
taken a large-scale analysis of the Arabidopsis
transcriptome during oxidative stress. Of the transcripts,
113 were induced and 62 were repressed by H,O,. A com-
parison of the microarray results of oxidative stress with
other stresses such as wilting, UV irradiation, and elicitor
challenge showed overlapping expression of some of
these genes (Desikan et d., 2001a). The H,O,-induced tran-
scripts encoded proteins with functions such as
metabolism, energy, protein destination and transport, cel-
lular organization and biogenesis, cell rescue or defense,
and transcription (Desikan et al., 2001a). Among these
genes, the genes encoding potential transcription factors
should be emphasized due to their capacity for activating
the expression of downstream target genes. In Arabidopsis,
atranscription factor CBF1 (C-repeat binding factor), bind-
ing to C-repeat and dehydration-responsive element (CRT/
DRE), wasfirst identified by Stockinger et a. (1997). CBF1



belongs to the APETALA2/EREBP-family of transcription
factors. Five additional CBF1 homologous genes, namely
DRE binding proteins (DREBSs) and two additional CBFs,
called CBF2 and CBF3, were subsequently cloned from
Arébidopsis (Gilmour et al., 1998; Liu et al., 1998). Tomato
seedlings (Lycopersicon esculentum) overexpressing an
Arabidopsis CBF1 cDNA showed a higher tolerance for
water deficit stress. Subtractive hybridization showed that
CAT activity increased and H,O, concentration decreased
in the transgenic tomato plants compared with the wild-
type plants with or without water deficit stress (Hsieh et
al., 2002). According to thisresult, CBF seemsto be able
to indirectly regulate the cytosolic redox status by acti-
vating downstream genes encoding antioxidant enzymes,
for example CAT. Nevertheless, there still is no evidence
connecting the H,O, signal with CBF accumulation or
activation.

The strongest evidence showing H,O, itself activates
transcription factor is provided by the study on yeast tran-
scription factor YAPL (Coleman et ., 1999). Recently, us-
ing a functional selection strategy, Arabidopsis cDNAs
were overexpressed in the fission yeast
Schizoaccharomyces prombe, and the transformants were
screened for an enhanced ability to tolerate diamide-induced
oxidative stress. The gene selected encodes a transcrip-
tion factor named OXS2, which is related to oxidative
stress tolerance in plants (Robert and David, 2004). This
gene belongs to a five-member family of C_H zinc finger
protein genes. OXS2 protein can autoactivate its own
promoter, and this correlates with the elevated accumula-
tion of OXS2 mRNA during oxidative stress (Robert and
David, 2004). The regulation mechanism activating OXS2
issimilar to that of YAPL. The inactivation of Exportin-
mediated export of OXS2 and hence nuclear accumulation
of OXS2, and the autoactivation of its own gene, are all
caused by oxidative stress and followed by the activation
of a stress-induced pathway (Robert and David, 2004).
Apart from this study, the direct influence of H,O, on tran-
scription factor activity is, to date, still far from clear.

Conclusions

Currently, research data show that H,O, can play a dual
rolein cells. During oxidative stress, H,0, is a strong toxic
oxidant causing cell damage or even cell death. At the
same time it serves conversely as a signaling molecule to
activate a rescue/defense system for restoring the redox
homeostasis in plant cells. In addition, H,O, isinvolved in
mediating biological processes, including PCD (Desikan et
a., 1998), ABA-mediated stomatal closure (Pei et al., 2000),
auxin-regulated gravitropic responses (Joo et al., 2001),
mechanical wounding response (Orozco-Cardenas et al .,
2001), systematically acquired resistance (SAR) (Inzé and
Van Montagu, 1995), plant pathogen interaction (Mittler
et a., 1999), and some other processes relating to both bi-
otic and abiotic stresses (Desiken et a., 2003).

So far it is still unclear whether H,O, is situated at a
common center for the signaling pathways providing re-
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sponses to various environmental stimuli. Extensive work
has indicated that H,0, indeed plays arolein diverse cel-
lular signals, especially signals triggered by stresses.
These observations suggest the existence of “cross-talk”
between different stresses (Shinozaki and Yamaguchi-
Shinozaki, 2000). Hence, elevation of H,O, concentration
in cellsis a physiological response to many stimuli and
results in activation of downstream target genes. However,
the same target gene induced by different stimuli always
showed a dissimilar expression profile, an observation that
needs to be clarified.

Based on current data, a model for an H,0, signaling
pathway is proposed here (Figure 1). An H,0, signal may
be perceived by a receptor and then result in elevated
[Ca*_ ]. Next, Ca?" may activate asignaling protein such
as a protein kinase or phosphatase to trigger a cascade
that then alters the activity of a transcription factor by
phosphorylation or dephosphorylation. In addition, H,O,
may activate transcription by directly oxidising H,O,-re-
sponsive transcription factors via oxidation of thiols of
cysteine residues in protein. In either case, having moved
into the nucleus, the modified (activated) transcription fac-
tor interacts with its corresponding cis-acting element on
target promoters to regulate gene expression.

In the future, developments in post-genomic technol o-
gieswill clarify the biological significance of H,O, and pro-
vide more clues to how plants sense and respond to
environmentally adverse conditions.
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