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gene/compound/concentration combination examined. The re-The role of hydrogen peroxide (H2O2) and various antioxi-
dants in the regulation of expression of the three Cat and Gst1 sponse of each gene to each antioxidant compound tested was

unique, suggesting that the ability of these compounds togenes of maize (Zea mays L.) has been investigated. Low
concentrations of H2O2 appeared to inhibit Cat1, Cat3, and affect expression of the maize Cat and Gst1 genes may not be
Gst1 gene expression, while higher doses strongly induced the result of a common (antioxidant) mode of action. A
these genes. Time course experiments indicated that high putative regulatory ARE motif involved in the regulation of

antioxidant and oxidative stress gene responses in mammalianconcentrations of H2O2 induced Cat1, Cat2, and Gst1 gene
systems is present in the promoter of all three maize catalaseexpression to higher levels, and in less time, than lower H2O2

concentrations. Induction of Cat3 was superimposed on the genes and we tested its ability to interact with nuclear extracts
circadian regulation of the gene. These results demonstrate a prepared from 10 days post-imbibition senescing scutella.
direct signaling action of H2O2 in the regulation of antioxi- Protein-DNA interactions in the ARE motif and the U2

snRNA homologous regions of the Cat1 promoter were ob-dant gene responses in maize.
The effects of the antioxidant compounds N-acetylcysteine, served, suggesting that ARE may play a role in the high

induction of Cat1 in a tissue which, due to senescence, is underpyrrolidine dithiocarbamate, hydroquinone, and the elec-
trophile antioxidant responsive element (ARE)-inducer b- oxidative stress.
naphthoflavone were quite different and specific for each

a number of transcriptional factors that regulate the expres-
sion of antioxidant genes, or genes whose activities are
modulated by oxidation and reduction, are known. In Es-
cherichia coli and other prokaryotes the transcription factor
OxyR activates a battery of genes inducible by H2O2, while
the transcription factors SoxR/SoxS mediate responses to
O2

�−. Similarly, in the yeast Saccharomyces cere6isiae, a
lower eukaryote, there are two distinct adaptive stress re-
sponses, one towards H2O2 and one towards O2

�−
(Jamieson and Storz 1997).

In higher eukaryotes, oxidative stress responses are more
complex and modulated by several different regulators.
There is increasing evidence suggesting that eukaryotic re-

Introduction

Aerobic organisms depend on oxygen (O2) as the electron
acceptor in controlled electron transfer reactions. However,
during the stepwise one-electron reduction of O2, cells con-
tinuously produce the stable O2 intermediates superoxide
radical (O2

�−), hydrogen peroxide (H2O2), and hydroxyl
radical (�OH), commonly known as reactive oxygen species
(ROS), and can cause damage to the cell (Scandalios 1993).
To minimize the adverse effects of ROS, aerobic organisms
evolved numerous antioxidant defenses, including catalases
(CAT) and glutathione S-transferases (GST). Antioxidant
defenses are activated in response to unbalanced increases of
ROS that cause oxidative stress. The mechanisms by which
cells sense H2O2 and O2

�− are not very well understood, but

Abbre6iations – AP-1: activator protein-1; ARE: antioxidant responsive element; b-NF: b-naphthoflavone; Cat/CAT: catalase gene/enzyme;
Gst/GST: glutathione S-transferase gene/enzyme; HQ: hydroquinone; NAC: N-aceltylcysteine; NF-kB: nuclear factor-kB; PDTC: pyrro-
lidine dithiocarbamate; ROS: reactive oxygen species.

Physiol. Plant. 106, 1999112



sponses to different kinds of stress, including starvation,
heat shock, osmotic stress, and heavy metal intoxication,
overlap oxidative stress responses. In mammalian systems,
many studies point to the significance of two classes of
transcription factors, nuclear factor kB (NF-kb) and activa-
tor protein-1 (AP-1), in the regulation of oxidative stress
response (Angel and Karin 1991, Schreck et al. 1991, Meyer
et al. 1993). However, AP-1 responds strongly to the antiox-
idants N-acetylcysteine (NAC) and pyrrolidine dithiocarba-
mate (PDTC), and only weakly to H2O2. This led to the
suggestion that AP-1 is a secondary antioxidant-responsive
factor (Meyer et al. 1993). Antioxidant-specific gene induc-
tion has also been reported for a number of enzymes
involved in phase II xenobiotic metabolism, which is medi-
ated by a regulatory motif common in the promoter region
of these genes. This motif, named ‘antioxidant responsive
element’ (ARE), ‘electrophile responsive element’ (EpRE),
or GPE1, is present in the promoter of mammalian GST,
NADPH-quinone oxidoreductase (NQOR), g-glutamylcys-
teine synthetase, metalothioneine-I (MT-1), and manganese
superoxide dismutase (MnSOD) genes (Kahl 1997). The
signal transduction pathway leading to gene induction
through the ARE has not yet been elucidated. The signifi-
cance of the antioxidant properties of many of the inducers
has been questioned, as compounds with no antioxidant
activity are also potent inducers. In contrast, many of the
inducers are Michael reaction acceptors (electrophilic), and
their potency parallels their efficiency in Michael reactions
(Talalay et al. 1988). ROS can also activate the ARE, as
H2O2 itself is a capable inducer (Rushmore et al. 1991). An
ARE motif has not yet been identified in any plant Gst gene
(Marrs 1996). However, ARE-like motifs are present in the
promoter region of the three maize Cat genes (Scandalios et
al. 1997), but the effects of antioxidants on the expression of
these plant genes are unknown.

In plants, ROS have been implicated in damaging effects
of various environmental stress conditions including UV
light and other forms of radiation, xenobiotics (herbicides),
ozone, temperature extremes, especially in relation with high
light, drought, and pathogen attack (Scandalios 1993).
Many plant defense genes are activated in response to these
conditions. H2O2 appears to be a signaling intermediate in
plant defense, activating gene expression (Bi et al. 1995,
Levine et al. 1994, Neuenschwander et al. 1995), hypersensi-
tive cell death (Levine et al. 1994), and promoting programs
leading to immunity (Wu et al. 1995). H2O2 scavengers like
catalase can modulate H2O2 homeostasis and consequently
its signaling capacity. However, information on the effects
of H2O2 on the expression of catalase genes is limited.
Similarly, there are a few reports on H2O2-induced Gst gene
expression (Levine et al. 1994, Tenhaken et al. 1995). The
maize Cat and Gst antioxidant defense genes provide an
excellent system for investigation of antioxidant gene re-
sponses to antioxidants and oxidants. Catalases catalyze the
dismutation of H2O2 into O2 and H2O, preventing the
damaging effects of H2O2 accumulation and protecting cells
from oxidative stress. Presence of ARE-like motifs in the
maize Cat genes renders them suitable tools for characteri-
zation of their potential regulatory roles in plants (Scan-
dalios et al. 1997). Glutathione S-transferases are a family of

enzymes that catalyze the conjugation of glutathione via the
sulfhydryl group to a variety of electrophilic centers of
hydrophobic compounds. This reaction renders the com-
pound more soluble to H2O and facilitates its transport to
vacuole or apoplast. Among the substrates of GSTs are
many plant secondary metabolites like phenolic antioxidants
and anthocyanins (Marrs et al. 1995), and many xenobiotics
(Kreuz et al. 1996). Importantly, GSTs are also responsible
for detoxification of the strongly electrophilic and highly
cytotoxic lipid peroxidation products such as 4-hydrox-
yalkenals, which are generated when lipid membranes are
damaged by oxidative stress (Marrs 1996).

In the present study, we examined the responses of the
Cat and Gst1 genes of maize to different classes of antioxi-
dants and to H2O2-induced oxidative stress. We also exam-
ined potential involvement of promoter regions of Cat1,
including a sequence harboring an ARE-like motif, in the
regulation of Cat1 expression in scutella at 10 days post-im-
bibition (dpi), when the tissue is under senescence-induced
oxidative stress.

Materials and methods

Plant material

The maize inbred line W64A was used in this study. Seeds
were surface sterilized by soaking in 1% hypochlorite for 10
min and then washed 5–6 times with deionized water. Seeds
were then soaked in distilled water for 24 h and planted in
soil mix. Germination occurred in controlled environment
with 12 h/12 h D/L photoperiod and constant 25°C
temperature.

Treatments

After 9 days dpi, seedlings were removed from the soil with
the root, the root was rinsed in tap water and placed in open
50-ml tubes (four plants per tube) containing 20 ml of each
compound’s solution. The compounds NAC, PDTC, and
hydroquinone (HQ) were applied to study antioxidant re-
sponses, b-naphthoflavone (b-NF) to study response to an
electrophile ARE-inducer, and H2O2 to study responses
under oxidative stress. Control plants were placed in tubes
containing water or the appropriate concentration of the
compound’s solvent in water. The plants were then placed in
the growth chamber for 24 h.

Northern analysis

Leaf material was harvested after a 24-h treatment with each
compound. All samples were frozen in liquid nitrogen and
stored at −80°C for analysis. Total RNA from leaf mate-
rial was extracted (Thompson et al. 1983), separated on
denaturing 1.2 or 1.6% agarose gels, and stained with ethid-
ium bromide to ensure equal loading. It was then trans-
ferred onto nylon membranes and hybridized with
32P-labeled Cat (Bethards et al. 1990, Redinbaugh et al.
1988) or Gst1 gene-specific probes. The Gst1 gene-specific
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probe was prepared with polymerase chain reaction (PCR)
using the phi080 set of primers (Senior et al. 1996). Hy-
bridization buffers and conditions were as follows: the pre-
hybridization solution contained 6× SSPE, 5× Den-
hardt’s, 7% SDS, 200 mg ml−1 salmon sperm DNA, and 1%
dextran sulfate. After 4 h pre-hybridization at 65°C, the
pre-hybridization solution was substituted with hybridiza-
tion solution that was the same as the pre-hybridization
solution without 5× Denhardt’s, and probe was added.
Hybridization proceeded at 65°C for 24–36 h, and washes
were twice for 30 min with 0.1× SSC/0.1% SDS at 65°C.

Isolation of nuclei and preparation of nuclear extracts

Nuclei were isolated from post-germination scutella (Hall
and Spiker 1994). Scutella were ground to a fine powder with
mortar and pestle using liquid nitrogen, and transferred to a
beaker sitting on ice. All subsequent manipulations were
carried out at 4°C. Nuclei isolation buffer 1 (NIB1: 0.5 M
hexylene glycol, 0.5% Triton X-100, 20 mM HEPES pH 7.4,
20 mM Thiodiglycol, 1 mM PMSF, 0.5 mM EDTA pH 7.4,
2 mg ml−1 aprotinin, 50 mM spermine, 125 mM spermidine)
was added in a volume of 10 ml g−1 of scutella. The slurry
was homogenized with a Polytron homogenizer at low set-
ting for 30 s. Nuclei were filtered away from cell debris
through a tiered setup of 300, 200, 100, 50, and 30 mm nylon
mesh screens. Aliquots of 25-ml filtrate were layered above
a 30–50% Percoll/NIB1 gradient and centrifuged at 900 g for
20 min. The supernatant above the Percoll cushion was
removed by aspiration. The nuclei were extracted from the
30–50% Percoll interface using a glass pipette and pelleted
by centrifugation at 3000 g for 15 min. The pellet was
resuspended and washed twice with 20 ml cold NIB2 (NIB2:
as NIB1 without Triton X-100). The final pellet was resus-
pended in 1 ml nuclei suspension buffer (NSB: 50% glycerol,
50% 2× NIB2) and stored at −80°C until use.

Nuclear protein preparation was essentially as described in
Holdsworth and Laties (1989), with minor modifications.
Nuclei were recovered from NSB with a brief centrifugation,
and resuspended in nuclear protein isolation buffer (NPIB:
40 mM KCl, 20 mM HEPES pH 7.7, 0.5 mM EDTA pH 7.7,
5 mM MgCl2, 2 mM dithiothreitol, 1mM PMSF, and 2 mg
ml−1 aprotinin). Nuclei were lysed with the addition of 1/10
vol saturated ammonium sulfate pH 7.6 on ice for 30 min.
Debris was removed by centrifugation at 15000 g for 15 min.
Nuclear proteins were precipitated from the supernatant
with the addition of solid powdered ammonium sulfate to a
65% saturation (337 mg ml−1 in the 10% saturated solution),
and collected by centrifugation at 15000 g for 15 min.
Pelleted nuclear proteins were resuspended in dialysis buffer
(NPDB: 40 mM KCl, 20 mM HEPES pH 7.7, 0.5 mM
EDTA pH 7.7, 2 mM dithiothreitol, 1 mM PMSF, 20%
glycerol) containing 2 mg ml−1 aprotinin and dialyzed
against two changes of 1000 ml dialysis buffer for 2 h, using
Spectapore membrane tubing (Amicon, Beverly, MA, USA)
with 3500 MW cutoff. The dialysate was aliquoted, frozen in
liquid nitrogen, and stored at −80°C. Protein concentration
was determined using the Bio-Rad protein assay kit and BSA
as a standard.

Electrophoretic mobility shift assays

Probes for electrophoretic mobilibty shift assay probes (EM-
SAs) (Fig. 5) were prepared as follows: a 0.8 kb XbaI
fragment from the Cat1 promoter (Guan and Scandalios
1993) was digested with Sau3A, generating a 90 bp XbaI-
Sau3A fragment containing the U2 snRNA homologous
region, which was subcloned into an XbaI-BamHI digested
pBluescript vector, and a 158 bp Sau3A fragment contain-
ing the ARE motif, which was subcloned into the BamHI
site of the pBluescript. The two probes were labeled by fill-in
5% overhangs with a-32P-dCTP using Klenow polymerase.
Binding reactions were performed using the Bandshift kit
(Pharmacia, Piscataway, NJ) according to instructions.
Briefly, the reaction mixture contained 10000–40000 cpm-
labeled target DNA (0.1–1 ng DNA) in 10 mM Tris-HCl
pH 7.5, 50 mM NaCl, 0.5 mM dithiothreitol, 10% glycerol,
0.05% NP-40, and 0.25 mg poly(dI-dC). Nuclear proteins in
a range of 0.1–0.25 mg were added and the mixture incu-
bated at room temperature for 20 min. DNA-protein com-
plexes were separated from unbound DNA probe by
electrophoresis on native 4% polyacrylamide gels in Tris-ac-
etate-EDTA buffer (7 mM Tris-HCl pH 7.5, 3 mM sodium
acetate, 1 mM EDTA). Gels were vacuum dried and autora-
diographed at −70°C for 0.5–2 h.

Results

Responses of the maize Cat and Gst1 genes to antioxidants,
electrophilic compounds, and H2O2

Specific responses of the maize Cat and Gst1 genes were
observed upon treatment with antioxidants, electrophilic
compounds, and H2O2. The responses were not uniform
with the different compounds used. Thus, each gene-com-
pound combination resulted in a different response.

Responses of Cat1
In young maize leaves, Cat1 is normally expressed at a
constant low level and is not affected by light (Scandalios et
al. 1997). Cat1 expression was decreased in response to low
concentrations of NAC up to 5 mM (Fig. 1A), and in-
creased at 10 mM. Treatment with PDTC did not affect
Cat1 expression, while treatment with HQ resulted in gradu-
ally increasing Cat1 expression with increasing (1–10 mM)
HQ concentrations (Fig. 1A). Cat1 expression was not
affected by ethanol, which was used as solvent for b-NF
(Fig. 1B). b-NF resulted in a slight decrease at 0.25 mM,
followed by an increase at 1 mM, and the expression was
similar to the control at higher concentrations (Fig. 1B).
Treatment with low (0.5 mM) concentration of H2O2 de-
creased transcript level. At 1 mM H2O2, Cat1 expression
was slightly lower than the control, while it was comparable
with the control at higher concentrations (Fig. 1C). It is
known that in other tissues like scutellum, Cat1 is induced
when the scutellum is excised from the kernel and incubated
in control agar plates for 24 h (L. Guan and J. G. Scan-
dalios, unpublished results). This induction was explained as
a result of wounding and/or hormone imbalance. In this
experiment, Cat1 expression in leaves is significantly induced
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Fig. 1. Response of the maize Cat1 gene to
antioxidants, electrophiles, and H2O2. Seedlings (10
dpi) were treated hydroponically with increasing
concentrations of the indicated compounds, and
Cat1 transcript in leaves was detected after
hybridization with 32P-labeled Cat1 gene-specific
probe. Equal loading of the gels was confirmed by
ethidium bromide staining prior to transfer. A.
Responses to 24-h treatments with the antioxidants
NAC, PDTC, and HQ. B. Responses to 24-h
treatments with the electrophile ARE-inducer
b-NF. The 0+E lane is control with the b-NF
solvent ethanol. C. Responses to 24-h treatments
with H2O2. D. Time course responses to 10 and
150 mM H2O2. Abbreviations are: NAC,
N-acetylcysteine; PDTC, pyrrolidine
dithiocarbamate; HQ, hydroquinone; b-NF,
beta-naphthoflavone; E, ethanol; H2O2, hydrogen
peroxide.

within 1 h after submersion of the roots in water, and
gradually increases during the next 5 h (Fig. 1D). Induction
continues for 24 h, as is evident comparing the 5-h control
(0 mM) in Fig. 1D with the 24-h control (0 mM) in Fig. 1C.
The observed induction is enhanced by H2O2. Addition of
10 mM H2O2 in the solution results in enhanced induction
after 3–5 h. Addition of 150 mM H2O2 enhances Cat1
induction after 1 h of treatment and results in higher
induction after 5 h. However, enhancement of the induction
by H2O2 is not observed after 24 h of treatment, indicating
that elevated Cat1 expression due to submersion of the roots
in water is reaching a maximum that is not affected by
addition of H2O2.

Responses of Cat2
Expression of Cat2 in young maize leaves is constant at low
levels (Scandalios et al. 1997). Thus, we investigated Cat2
responses examining a sample of antioxidant and H2O2

treatments. There was no significant induction upon sub-
mersion of the roots in water as is evident by comparison of
the 24-h control in Fig. 2A with the 0-h control in Fig. 2B.
NAC caused a decrease of Cat2 transcript at 0.25–2.5 mM,
followed by an increase at 5 mM (Fig. 2A). A similar
response was observed for HQ, but the decrease was at
0.1–0.25 mM and the level of Cat2 transcript was similar to
the control at 0.5–1 mM. A high induction was evident at
2.5–5 mM HQ (Fig. 2A). Cat2 was induced by H2O2

(60–150 mM) within 1 h after submersion of the roots in
H2O2 solution, and was even stronger 24 h later (Fig. 2B). It
was also evident that 150 mM H2O2 induced Cat2 to higher
expression levels than 60 mM H2O2 at both 1 and 24 h.

Responses of Cat3
Expression of Cat3 in young maize leaves is regulated by a
circadian rhythm (Scandalios et al. 1997). Thus, analyses
regarding Cat3 responses should be in the context of the
circadian expression of the gene. In the present experiments
a normal circadian Cat3 expression was observed in
seedlings with roots submerged in water for 24 h, as long as
the light regime was maintained at 12 h/12 h L/D photope-
riod. NAC increased the Cat3 transcript in all the concen-
trations applied (Fig. 3A). PDTC caused a strong induction
at 0.25 mM that declined at higher concentrations, and

expression was inhibited at 10 mM (Fig. 3A). HQ caused a
high induction between 0.25–5 mM, while at 10 mM induc-
tion was lower (Fig. 3A). With b-NF, a high induction was
observed at 0.25–1 mM and complete inhibition at higher
concentrations (Fig. 3B). Ethanol also inhibited Cat3 gene
expression (Fig. 3B). The effects of H2O2 on Cat3 transcrip-
tion were examined at two different time points: circadian
time 10 (CT-10: 10 h after the onset of light), which repre-
sents the time point of the highest Cat3 expression, and
CT-4, which represents a time point with low and increasing
Cat3 transcription. Results were similar and those obtained
at CT-4 are shown in Fig. 3C. Low doses (0.1–0.5 mM) of
H2O2 caused a significant decrease on Cat3 transcript levels.
Transcription was similar with the control at 1 mM H2O2

and significantly increased at 5–60 mM. The transcript at
150 mM was lower than that of 60 mM, but still higher than
that of the control.

Responses of Gst1
Expression of Gst1 in maize is constitutive in young seedling
roots, but can be enhanced by herbicide safeners (Jepson et

Fig. 2. Response of the maize Cat2 gene to antioxidants and H2O2.
Transcripts in leaves of 10 dpi seedlings treated hydroponicaly were
detected after hybridization with 32P-labeled Cat2 gene-specific
probe. Equal loading of the gels was confirmed by ethidium bro-
mide staining prior to transfer. A. Responses to 24-h treatments
with NAC and HQ. B. Responses to treatments with 60 and 150
mM H2O2 for 1 and 24 h. Abbreviations are as in Fig. 1.
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Fig. 3. Response of the maize Cat3 gene to
antioxidants, electrophiles, and H2O2. Seedlings (10
dpi) were treated hydroponically for 24 h with
increasing concentrations of the indicated compounds,
and Cat3 transcript in leaves was detected after
hybridization with 32P-labeled Cat3 gene-specific probe.
Equal loading of the gels was confirmed by ethidium
bromide staining prior to transfer. Treatment began 4
h after the onset (CT-4) of light and the plants were
maintained at 12 h/12 h L/D photoperiod in order to
examine the effects of the compounds in the context of
the Cat3 circadian rhythm. A. Responses to the
antioxidants NAC, PDTC, and HQ. B. Responses to
the electrophile ARE-inducer b-NF. The 0+E lane is
control with the b-NF solvent ethanol. C. Responses
to H2O2. Abbreviations are as in Fig. 1.

al. 1994). Gst1 responses (Fig. 4) were very similar with
those of Cat3 (Fig. 3). NAC increased the Gst1 transcript,
and the highest induction was observed at 10 mM (Fig. 4A).
PDTC caused a strong Gst1 induction at 0.25 mM that
declined at higher concentrations (Fig. 4A). HQ caused a
stronger induction at 0.25, 5, and 10 mM, while at 1 mM
the response was weaker (Fig. 4A). b-NF caused a high
induction between 0.25 and 1 mM and expression was at the
levels of the control at 10 mM (Fig. 4B). Ethanol also
repressed Gst1 gene expression (Fig. 4B). With H2O2 treat-
ments, the Gst1 transcript decreased at low (0.1 mM) con-
centrations and was comparable with that of the control at
0.5–1 mM (Fig. 4C). Significantly higher transcription was
evident at higher (5–150 mM) H2O2 concentrations (Fig.
4C). Gst1 expression is not affected by submersion of the
roots in water, as no difference in transcript was observed
between the 24 h control in Fig. 4C and the controls at
different time points in Fig. 4D. However, H2O2 treatments
induced Gst1 expression within 3–5 h at 10 mM and as
early as 1 h at 150 mM (Fig. 4D).

Protein-DNA interactions in specific Cat1 promoter regions

Interactions of nuclear proteins, isolated from 10-day-old
germinating scutella, with promoter regions of Cat1 have
been examined by electrophoretic mobility shift assays. Re-
sults indicated that a 158-bp fragment containing the ARE
core sequence as well as a 90-bp fragment highly ho-
mologous with the U2 snRNA gene of maize (Guan and
Scandalios 1993), located 5% and in continuous sequence
with the 158-bp fragment (Fig. 5), were strongly interacting
with nuclear proteins. A very strong interaction was ob-
served for the ARE-harboring fragment as almost the total
amount of the probe was shifted on the gel (Fig. 6). Specifi-
city of the observed binding was further analyzed with the
addition of 30× cold probe in a binding reaction. Results
(Fig. 6) suggest that the observed binding is highly specific,
as with the addition of cold probe the shifted band disap-
pears. A similar strong and specific interaction was observed
with the U2 snRNA homologous fragment (Fig. 7). In both
experiments, specificity was also examined with the addition
of salmon sperm DNA as non-specific competitor in the
binding reaction and the binding was maintained (data not
shown).

Discussion

Regulatory role of antioxidants in the expression of
antioxidant genes

The effects of antioxidants on Cat and Gst1 gene expression
were different and specific for each compound and concen-
tration examined. Even compounds whose antioxidant ac-
tivity is the result of similar chemical properties, like the
–SH-containing compounds NAC and PDTC, affected the
same genes in different ways. Thus, the responses do not
seem to be due solely to the antioxidant properties of the
compounds.

There are studies indicating that compounds that exhibit
antioxidant activity in vitro can be metabolically trans-
formed, or act as oxidants in vivo (Pinkus et al. 1996). The
possibility exists that the observed responses might, in part,
result from such conversions. Consistent with this hypothe-
sis, NAC can produce thiyl and other sulfur-containing
radicals (Aruoma et al. 1989), which can oxidize glutathione
and weaken the antioxidant defenses of the cell. In our
experiments, 10 mM NAC induced all the genes examined.
This concentration is much lower than the 30 mM reported
to be effective in inhibition of NF-kB in mammalian cell
cultures (Meyer et al. 1993). However, 100 mM NAC in
hydroponic treatments resulted in severe stress of the plants
from which they could not recover, high induction of Cat1,
and complete inhibition of Cat3 (data not shown). These
results suggest that a mechanism of NAC-induced stress
could be responsible for the observed responses. PDTC, due
to its metal-chelating properties, can inhibit Cu/Zn superox-
ide dismutase activity, potentiate oxygen toxicity in animal
tissues, and cause a decrease in glutathione peroxidase activ-
ity and thiol levels (Goldstein et al. 1979). In the present
study, PDTC was a very potent inducer of Cat3 and Gst1 at
low concentrations (0.25 mM), while it exhibited inhibitory
effects at higher concentrations. However, it did not affect
Cat1 expression. In this study, HQ, which can undergo
reversible oxidation-reduction generating ROS, was a potent
inducer of all genes examined. Cat3 exhibited a strong
induction at low concentrations, which was gradually de-
creased as the concentration increased. The other genes
examined (Cat1, Cat2, and Gst1) exhibited weaker but
persistent induction at the higher concentrations.

The data presented suggest that diverse antioxidants are
potent inducers of antioxidant gene expression in maize.
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This apparently paradoxical situation is not unique, as both
antioxidants and H2O2 have been reported to serve as
signals inducing oxidative stress responsive factors in animal
cells (Bergelson et al. 1994, Meyer et al. 1993). However, the
possibility exists that oxidative mechanisms are responsible
for the apparent effects of antioxidants in Cat and Gst1 gene
expression in maize.

Regulatory role of H2O2 in the expression of antioxidant
genes

Plants, like other living organisms, sense increased levels of
ROS and react with antioxidant mechanisms, finely coordi-
nated and expressed, to effectively protect the organism
from oxidative stress. In the progress of these events, H2O2,
a well-established second messenger in animal systems (Ra-
masarma 1982), appears to be a significant signaling inter-
mediate in plants as well (Alvarez and Lamb 1997). In the
present study, we investigated the role of H2O2 in the
expression of the Cat and Gst1 genes of maize. Catalases are
among the primary H2O2 scavenger enzymes and could play
a central role in the control of H2O2 homeostasis and
consequently in the H2O2-dependent signaling pathway.
This has been indirectly established in several experimental
systems by addition of catalase, or the catalase inhibitor
aminotriazole, demonstrating differential effects on H2O2-
induced gene expression (Alvarez and Lamb 1997, Chen et
al. 1993, Levine et al. 1994). However, the role of H2O2 in
the regulation of Cat gene expression has not yet been
thoroughly investigated. Thus, we examined the effects of
exogenously applied H2O2 in the regulation of Cat and Gst1
gene expression in maize. We used a wide range of H2O2

concentrations (100 mM–150 mM) in hydroponic treat-
ments of whole plants, and examined the transcript level of
each gene in leaves 24 h later. With this experimental
scheme, the actual concentration of H2O2 was changing
throughout the treatment period. Developing roots of young
maize seedling are known to secrete catalase in the incuba-
tion medium as well as in the root apoplast (Salguero and
Boettger 1995). As soon as the seedling roots were sub-
merged in the H2O2 solution, bubbles appeared on the
surface of the roots, indicating very active H2O2 decomposi-
tion. Depletion of H2O2 from the culture medium has also
been reported in rat hepatocyte cultures with H2O2 half-life
between 2.5 and 8 min, depending on the initial H2O2

concentration (1–2.5 mM) and the age of the culture
(Rohrdanz and Kahl 1998). This rapid decomposition prob-
ably caused an early depletion of H2O2 at low concentra-
tions, while it decreased the actual concentration of H2O2 at
the higher concentrations applied.

Low doses of H2O2 appeared to reduce Cat1, Cat3, and
Gst1 steady-state mRNA levels, while higher doses enhanced
the amount of the Cat2, Cat3, and Gst1 mRNA. Induction
of Cat2 and Gst1 increased as the concentration of H2O2

increased up to 150 mM (the highest concentration used),
while the induction of Cat3 reached a maximum at 60 mM
and declined at 150 mM. Time course experiments indicated
that a high concentration of H2O2 induced Cat1, Cat2, and
Gst1 gene expression at higher levels and in less time than a
lower concentration. Cat1 expression was affected by the
control treatment as it was induced by submersion of the
roots into water. However, addition of H2O2 enhanced Cat1
induction within 1 h of treatment, and increased expression
over the control level could be observed for the next 5 h. At
24 h, the level of Cat1 expression in samples treated with
high H2O2 concentrations (5–150 mM) was similar with the
control, indicating that there is a time point where high
H2O2 concentrations can no longer enhance Cat1 expres-
sion. Taken together, these results demonstrate that re-
sponses of the Cat and Gst1 genes are specific for the
concentration and the duration of treatment, suggesting a
regulatory role for H2O2 in the expression of these antioxi-
dant genes.

As mentioned above, very rapid decomposition of H2O2

near the roots of the seedlings occurred immediately after
submersion in the H2O2-containing solution. This could lead
to a rapid depletion of the lower concentrations of H2O2

used. Thus, treatment with low H2O2 concentrations could
represent a short transient oxidative burst. The effects of
this transient exposure to H2O2 could be distinct from those
observed for prolonged exposures to higher concentrations.
The transient exposure to increased concentrations of H2O2

is reminiscent of the oxidative burst in the hypersensitive
response of plants to pathogen attack. This localized oxida-
tive burst at the root caused systemic inhibition of Cat gene
expression observable 24 h later in the leaf. Thus, systemic
H2O2 accumulation could be accomplished by inhibition of
Cat gene expression. It has been suggested that H2O2 accu-
mulation and initiation of the signaling pathway leading to
systemic acquired resistance (SAR) are due to specific inhi-

Fig. 4. Response of the maize Gst1 gene to antioxidants,
electrophiles, and H2O2. Seedlings (10 dpi) were treated
hydroponically with increasing concentrations of the
indicated compounds, and Gst1 transcript in leaves was
detected after hybridization with 32P-labeled Gst1
gene-specific probe. Equal loading of the gels was
confirmed by ethidium bromide staining prior to transfer.
A. Responses to 24-h treatments with the antioxidants
NAC, PDTC, and HQ. B. Responses to 24-h treatments
with the electrophile ARE-inducer b-NF. The 0+E lane
is control with the b-NF solvent ethanol. C. Responses to
24-h treatments with H2O2. D. Time course responses to
10 and 150 mM H2O2. Abbreviations are as in Fig. 1.
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Fig. 5. Schematic of the XbaI fragment of the Cat1 promoter that was used in preparation of electrophoretic mobility shift assay probes.
The restriction enzyme sites and their distance from the initiation of transcription +1 are shown. Transcript is represented as an arrow. The
putative regulatory motifs are boxed. ARE is the antioxidant responsive element, and G-box is the ABA responsive element. The U2 snRNA
homologous region is also shown.

bition of catalase activity by salicylic acid (SA) (Chen et al.
1993), which allows accumulation of systemic H2O2. How-
ever, there is also evidence that the H2O2 signal does not act
downstream of SA in the development of SAR, as NahG
transgenic plants that cannot accumulate SA do not induce
PR-1 expression upon treatment with H2O2 and do not
develop SAR (Bi et al. 1995, Neuenschwander et al. 1995).
Involvement of H2O2 in disease resistance has been demon-
strated in transgenic plants expressing the H2O2-generating
glucose oxidase enzyme, and increased resistance of the
transgenics could be counteracted with addition of catalase
(Wu et al. 1995). Our results, in addition to the reported
ability of H2O2 to induce SA accumulation (Bi et al. 1995,
Neuenschwander et al. 1995), could provide a mechanism
for H2O2 signaling in the induction of SAR, in which
catalase inhibition and H2O2 act before SA accumulation
(upstream of SA).

High concentrations of H2O2 rapidly induced Cat and
Gst1 gene expression, indicating that oxidative stress directly
induces antioxidant responses. Particularly for Cat3, which
is regulated by a circadian rhythm (Redinbaugh et al. 1990),
its induction overrode the default circadian expression. Our
data demonstrate that at CT-4, when Cat3 transcript is very
low, H2O2 treatment overrides the circadian regulation and
induces high expression with high H2O2 concentration (Fig.
3C). Induction over the normal levels was also observed at
CT-10, when the Cat3 transcript reaches maximal expres-
sion (data not shown). This suggests that H2O2 can induce
Cat3 expression at different time points of the circadian
cycle. However, the two time points we examined represent
times in the circadian cycle where Cat3 expression is increas-
ing (CT-4) or is at its maximum (CT-10). Whether induction
can also be observed at time points of declining expression,
and whether the induced expression is still circadian, re-
mains to be investigated.

Regulatory sequences in the Cat1 promoter

The maize Cat genes harbor the ARE regulatory motif,
which has a well-characterized role in induction of mam-
malian gene expression in response to oxidative stress. In
order to investigate the role of ARE in maize Cat gene
expression, we examined protein-DNA interactions in the
ARE region of the Cat1 promoter. The Cat1 promoter has
been sequenced revealing several regulatory elements, and
has been used for the construction of promoter-reporter
gene fusions that can drive the expression of the reporter
gene GUS in transgenic tobacco plants (Guan and Scan-

dalios 1993). A minimal 800 bp promoter fragment is suffi-
cient for the regulation of GUS expression with a pattern
similar to the Cat1 expression observed in maize (Guan and
Scandalios 1993). An ABA response element, located −110
relative to the transcription start site, displays differential
binding of nuclear proteins isolated from germinated and
developing embryos, as well as from embryos grown in the
presence and absence of absisic acid; this indicates that ABA
up-regulates Cat1 transcript accumulation in the scutellum
during embryogenesis, but not during germination
(Williamson and Scandalios 1994). However, Cat1 transcript
accumulates to high levels in the scutellum of germinating
maize seeds. The promoter regions responsible for the con-
trol of Cat1 expression during germination were not iden-
tified. The increase of Cat1 transcript in the scutellum
during germination could be an antioxidant response to
oxidative stress. Active oxidative metabolism is well charac-
terized in germinating seeds. During germination of oilseeds,

Fig. 6. Protein-DNA interactions in the Cat1 promoter region
harboring the ARE motif. Electrophoretic mobility shift assay was
probed with a 158 bp Sau3A Cat1 promoter fragment containing
the ARE motif. The probe (0.1 ng 32P-labeled DNA) in binding
buffer containing 100 ng poly(dI-dC) non-specific competitor was
incubated with 0.1 mg nuclear extract prepared from 10 dpi germi-
nating scutella of maize. The free and bound probes were separated
on 4% native acrylamide gel, vacuum dried, and autoradiographed.
Specificity of the interaction was determined by addition of 30×
cold probe as specific competitor in the assay. Lanes are: Probe
alone control (− ,− ), probe with nuclear extract and no specific
competitor (+ ,− ), and probe with nuclear extract and 30× cold
probe as specific competitor (+ ,+ ). Arrowheads indicate the
bands of free and bound probe. Note the very strong interaction
(+ ,− ) revealed by the retardation of the whole amount of probe
used in the assay.
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Fig. 7. Protein-DNA interactions in the U2 snRNA homologous
region of the Cat1 promoter. Electrophoretic mobility shift assay
was probed with a 90 bp XbaI-Sau3A Cat1 promoter fragment
containing the U2 snRNA homologous region. The probe (1 ng
32P-labeled DNA) in binding buffer containing 100 ng poly(dI-dC)
non-specific competitor was incubated with 0.1 mg nuclear extract
prepared from 10 dpi germinating scutella of maize. The free and
bound probes were separated on 4% native acrylamide gel, vacuum
dried, and autoradiographed. Specificity of the interaction was
determined by addition of 30× cold probe as specific competitor in
the assay. Lanes are: probe alone control (− ,− ), probe with
nuclear extract and no specific competitor (+ ,− ), and probe with
nuclear extract and 30× cold probe as specific competitor (+ ,+ ).
Arrowheads indicate the bands of free and bound probe.

demonstrate its role in oxidative stress-induced gene expres-
sion.

Interestingly, the 90 bp Cat1 promoter fragment upstream
of the ARE motif also interacts with nuclear proteins pre-
pared from 10 dpi scutella in a specific manner. Sequence
comparisons of this fragment with published regulatory
motifs show that no known regulatory element is present.
However, most of the fragment contains a region 80%
homologous to the first 100 bp of the coding region of the
U2 snRNA gene of maize and other organisms. The major
function reported for U2 products is in the formation of a
ribonucleoprotein complex for intron splicing (Steitz et al.
1988). Thus, interaction of U2 snRNA homologous frag-
ments with nuclear extracts could be expected. Our results
raise the possibility that this fragment could also have a
regulatory function in Cat1 expression.
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