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MODULATION OF ANTIOXIDANT RESPONSES BY ARSENIC IN MAIZE
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Abstract—The effects of arsenic on the expression of the antioxidant genes encoding superoxide dismutase, catalase,
and glutathioneS-transferase, as well as the activity of SOD and CAT enzymes, were examined at different
developmental stages and in different tissues. Both CAT and SOD activities increased in response to low concentrations
(0.01-0.1 mM) of arsenic in developing maize embryos. In germinating embryos both CAT and SOD activities increased
in response to a wide range of arsenic concentrations (0.01-10 mM).Cat1 transcript increased in response to arsenic in
developing and germinating embryos and in young leaves. Conversely,Cat2 increased at low concentrations of arsenic
only in germinating embryos.Cat3 transcript levels increased in response to low concentrations of arsenic only in
developing embryos.Sod3transcript increased at low concentrations of arsenic in developing, germinating embryos and
in leaves. The cytosolicSod4and Sod4Aincreased in response to arsenic in germinating embryos, while onlySod4
transcript increased in response to arsenic in leaves. Expression ofGst1 was similar to that ofCat1 in all tissues
examined. These results indicate that arsenic triggers tissue and developmental stage specific defense responses of
antioxidant and detoxification related genes in maize. © 1998 Elsevier Science Inc.

Keywords—Arsenite, Arsenate, Catalase, Superoxide dismutase, GlutathioneS-transferase, Reactive oxygen species,
Free radicals

INTRODUCTION

Arsenic compounds are naturally present in the environ-
ment, and are also used in agriculture and forestry as
pesticide or insecticide components. The major anthro-
pogenic sources of environmental pollution with arsenic
are the burning of coal and industrial metal smelting, and
more recently the semiconductor industry. According to
epidemiological studies and clinical observations, ar-
senic is associated with increased risk of certain types of
human cancer, including epidermoid carcinomas of skin,
lung cancer and possibly liver cancer.

Arsenic is a toxic metalloid, whose trivalent arsenite,
As(III), and pentavalent arsenate, As(V), ions can inhibit
many biochemical processes.1–4The solubility of As(III)
oxide in water is fairly low, but high in either acid or
alkali. In water, arsenic is usually in the form of arsenate
or arsenite. As(III) is systemically more poisonous than
the As(V), and As(V) is reduced to the As(III) form

without exerting any toxic effects. Organic arsenicals
also exert their toxic effects in vivo in animals by first
metabolizing to the trivalent arsenoxide form. Overall, it
seems that in most organisms arsenic is more toxic in the
trivalent form, as arsenite, than in the pentavalent form,
as arsenate. Numerous reports describe the higher toxic-
ity of arsenite to that of arsenate in plants.5,6 In plants the
toxicity of arsenate is known to be competitively affected
by phosphate, whereas such a relation seems to be ob-
scure between arsenite and phosphate.6

At present, the mechanisms for the effects of arsenic
toxicity are unclear. It is known that low concentrations
of arsenicals may initiate gene transcription by altering
the phosphorylation state of signal transduction proteins.
Arsenic affects phosphorylation by activating specific
phosphatases, by inhibiting thiol-dependent phospha-
tases, or by interfering with phosphotransferase reac-
tions.3,4,7 The protective effects of thiols, such as gluta-
thione and cysteine, against the toxic effects of arsenic,
suggests that arsenic toxicity results from forming re-
versible bonds with thiol groups of regulatory proteins.

Recently, evidence suggesting that oxygen radicals
can be produced during arsenic metabolism has been

Address correspondence to: John G. Scandalios, Dept. of Genetics,
Box 7614, North Carolina State University, Raleigh, NC 27695-7614,
USA; Tel: 919-515-7079; Fax: 919-515-3355; E-Mail: jgs@unity.
ncsu.edu.

Free Radical Biology & Medicine, Vol. 25, Nos. 4/5, pp. 576–585, 1998
Copyright © 1998 Elsevier Science Inc.
Printed in the USA. All rights reserved

0891-5849/98 $19.001 .00

PII S0891-5849(98)00090-2

576



provided.8,9 The reactive oxygen scavenging enzymes
catalase (CAT) and /or superoxide dismutase (SOD)
were shown to effectively reduce the frequency of arsen-
ite-induced sister chromatid exchanges in human periph-
eral lymphocytes and X-ray sensitive cells.10 It was also
shown that hemolysis induced by gaseous arsine in mice
mimics induction by oxidative damage.11 These results
clearly suggest that some of the damaging effects of
arsenic may be mediated by oxygen radicals.

Generation of reactive oxygen species (ROS) is a
common phenomenon in all aerobic organisms. Overpro-
duction or accumulation of ROS in cells (i.e., oxidative
stress) can damage DNA, proteins, lipids, and other
biomolecules.12 DNA damage induced by ROS has been
hypothesized to play a key role in initiation, promotion,
and progression of malignancies.13 Recent studies have
indicated that metal-induced mutagenesis is closely as-
sociated with the generation of ROS.14,15In this study we
have examined the expression of theCat, Sod, andGst1
(glutathioneS-transferase) genes. Previous studies have
shown that glutathione levels increase in response to
arsenic in various cell systems.8,9,16,17 It was demon-
strated that glutathione plays a major role in protecting
cells from arsenic. Specifically it was shown8 that expo-
sure of animal cells to low levels of electrophilic com-
pounds, such as trivalent arsenic, oxidizable diphenols,
quinones, and Michael reaction acceptors,8 result in the
elevation of glutathione levels and induction of Phase II
detoxification enzymes such as glutathioneS-trans-
ferases (GSTs), NAD(P)H oxidoreductase, epoxide hy-
drolase, and UDP-glucoronosyltransferase. Detoxifica-
tion of xenobiotics in plants proceeds in two phases,
Phase I and Phase II. In Phase I, xenobiotics are detox-
ified through a series of redox reactions catalyzed by
cytochrome P450 monooxygenases.18 Phase II detoxifi-
cation proceeds through the conjugation of xenobiotics
with glutathione (GSH) catalyzed by the enzyme gluta-
thione S-transferase (GST). GSTs are a family of en-
zymes that catalyze the conjugation of glutathione via
the sulfhydryl group to a variety of electrophilic centers
of hydrophobic compounds.19 This reaction renders the
compound more soluble to H2O and facilitates its trans-
port to vacuole or apoplast (the continuous network of
intracellular spaces in plants).

We hypothesize that arsenic induces the Phase II
detoxification enzymes. This occurs because the arsenic
exposure rapidly depletes the pool of reduced glutathi-
one, leading to a rise in the steady state concentrations of
ROS. The latter is enforced by the intraconversion of
arsenic molecules from one ionic form to the other, and
by inhibition of the mitochondrial electron transport
chain. This results in changes in the equilibrium of ROS
and antioxidant enzymes that lead to induction of the
antioxidant defense system including a rise in total glu-

tathione levels.16 To date, the maize superoxide dis-
mutase/catalase gene-enzyme systems and the glutathi-
oneS-transferase enzymes have been well characterized.
In maize, three catalase isozymes are encoded by three
unlinked structural genesCat1, Cat2, and Cat3.20 The
expression of each catalase gene is tissue and develop-
mental stage dependent.20 In maize, superoxide dis-
mutase exists as nine distinct isozymes encoded by the
unlinked nuclear genesSod1, Sod2, Sod3.1, Sod3.2,
Sod3.3, Sod3.4, Sod4, Sod4A, andSod5.SOD-2, SOD-4,
SOD4A and SOD-5 are cytosolic enzymes; SOD-1 is a
chloroplast-associated enzyme, while SOD-3.1, -3.2,
-3.3 and -3.4 are mitochondria-associated.21 Glutathione
S-transferases exist as four distinct enzymes, GST I, GST
II, GST III, and GST IV that are members of the Type I
GSTs. Type I GSTs appear to function as defense genes
or cellular protectant genes, producing proteins in re-
sponse to pathogen attack, wounding, senescence, and
the resulting lipid peroxidation which accompanies these
processes.1 Thus, we chose to investigate the responses
of Cat, Sod, andGstto arsenic, in this well-characterized
defense system in maize.

MATERIALS AND METHODS

Plant materials and treatment conditions

Zea maysL. inbred line W64A, maintained by our lab-
oratory, was used in these studies. For immature em-
bryos maize ears were harvested in the morning from
greenhouse-grown plants and whole embryos were ex-
cised from kernels on the same day. Embryos were
dissected from kernels at 28 days postpollination (dpp).
For germinating embryos, seeds were surface sterilized
with 1% sodium hypochlorite for 10 min, and rinsed with
deionized water. The seeds were then soaked with deion-
ized water for 24 h and placed in germination trays at
25°C for 4 days postimbibition (dpi). Germinating em-
bryos were then excised and treated with the appropriate
concentrations of arsenic. With the term arsenic we refer
to both forms of arsenic, the trivalent form, arsenite, and
the pentavalent form, arsenate. Excised embryos were
placed on Murashige-Skoog (MS) basic medium supple-
mented with sodium arsenate or sodium arsenite at 0.01,
0.1, 1, and 10 mM. Plates were incubated at 25°C for
24 h. At the end of each treatment, scutella were isolated
and half the samples were used for catalase and super-
oxide dismutase activity assays and gel electrophoresis.
The remaining samples were frozen in liquid nitrogen
and stored at270°C for RNA analyses. Ten-day-old,
greenhouse-grown seedlings were treated by hydroponic
uptake with different concentrations of sodium arsenate
or sodium arsenite for 24 h in the light and total RNA
was isolated from leaves for RNA analysis. In all exper-
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iments controls were included. All experiments were
repeated at least twice and representative results are
shown.

Chemicals

All reagents were purchased from Sigma (St. Louis,
MO). Purity of sodium arsenite was 92.5% (highest
purity available). Sodium arsenate and the other reagents
were ACS reagents of the highest available grade.

Catalase enzyme assay, zymogram analysis, and
protein determination

Five to ten scutella from each arsenic treatment were
selected for uniformity in size. Scutella from each treat-
ment were homogenized in a mortar and pestle in 25 mM
glycylglycine buffer, pH 7.4. The crude supernatant was
used directly for protein and enzyme assay or zymogram
analysis. Total catalase activity (treatment) was deter-
mined.22 Catalase activity is expressed as the change in
absorbance per min (unit) per mg of protein. Protein
concentration was determined.23 Zymogram analysis
was performed with equal protein samples and the Tris/
citrate buffer system for catalase analyses.24 Western
blot analysis was performed with monospecific maize
catalase polyclonal antibodies.25

Superoxide dismutase enzyme assay

Total superoxide dismutase activity in equal protein sam-
ples pooled from each arsenic treatment was determined
using the xanthine oxidase-cytochromec method26 at pH
10.0. Enzyme activity (Units/mg protein) was propor-
tional to (V/v-1)/mg protein, where V equals the change
in absorbance (550 nm) per minute in the absence of
SOD and v equals the change in absorbance per minute
(Unit) in the presence of SOD. Addition of KCN, to a
final concentration 1 mM to the assay conditions, was
used to inhibit Cu/Zn SOD and assay for mitochondrial,
MnSOD-3 activity26 at pH 7.8. Gel electrophoresis was
performed using a previously described method.27

Statistical analysis

Means6 SD were derived from three independent ex-
periments (two assays in each experiment). Results were
analyzed using one-way analysis of variance (ANOVA)
and statistically significant differences between treat-
ments were determined with theF-test. Multiple range
analysis of means was performed with 95% LSD inter-
vals.

RNA analyses

Total RNA was isolated from control and arsenic treated
samples as described.28 For Northern analysis, total RNA
(20 mg) from each sample was separated in denaturing
1.6% agarose gel and transferred onto Nylon mem-
branes. The blots were sequentially hybridized with32P-
labeled gene-specific probes (gsp) forCat1, Cat2, Cat3,
Sod3, Sod4, andSod4A29–32in modified Church buffer33

containing 7% SDS, 0.5 M EDTA, 0.5 M NaH2PO4
, and

1% BSA. The full lengthSod3gsp detects all fourSod3
transcripts (i.e.,Sod3.1, 3.2, 3.3, and 3.4). After each
analysis, probes were removed from the filters by re-
peated washes in boiling 0.1% SDS/0.1X SSC (0.15M
NaCl, 0.0015 M sodium citrate, pH 7.0) and reprobed
with a DNA fragment from clone pHA2 containing an
18Sribosomal sequence.34

PCR amplification and cloning of theGst1 fragment
used as probe

The Gst1 probe was prepared with PCR. The set of
primers used in PCR were phi080 forward 59-CAC-
CCGATGCAACTTGCGTAGA-39 and phi080 reverse
59-TCGTCACGTTCCACGACATCAC-39 amplifying a
155 bp fragment of theGst1 first exon in W64A.35

Genomic DNA (1mg) isolated from leaves of 10-day
old, light-grown seedlings was used as a template. The
reaction started with 3 min denaturation at 95°C fol-
lowed by 35 cycles of 30 s denaturation at 95°C, 1 min
annealing at 58°C, and 1 min extension at 75°C. The last
extension step was for 5 min to ensure completion of the
reaction. The PCR product was analyzed on 1.5% aga-
rose gel, visualized by staining with ethidium bromide,
excised from the gel using a razor blade, and the DNA
was isolated using the QIAquick Gel Extraction Kit
(Qiagen, CA) according to the instructions. It was then
ligated to the PCR-ScriptTM Amp SK(1) Cloning Kit
(Stratagene, CA) according to the instructions. Positive
clones were identified with a direct clone characteriza-
tion method from colonies by PCR.36

RESULTS

Effects of increasing arsenic concentrations on
catalase gene expression in developing embryos

The effect of arsenic on catalase andGst1expression in
developing embryos was examined. Two forms of ar-
senic ions were used, sodium arsenite, a trivalent form,
and sodium arsenate, a pentavalent form. The former is
considered to be more toxic than the latter, and it was of
interest to examine whether this property has any effect
on the expression and activity pattern of the genes ex-
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amined. In 28 dpp scutella, total CAT activity increased
at low doses of both arsenate and arsenite (0.01–0.1
mM) with the maximum of CAT activity observed at 0.1
mM and rebound at 10 mM (Fig. 1A). Zymogram anal-
ysis (Fig. 1B) indicated that with both treatments the
observed increase of CAT activity at low concentrations
was due to both CAT-1 and CAT-2 isozymes, while the
increase of CAT activity at 10 mM was solely due to
CAT-1. However, on comparing treatments with 0.1 mM
of both forms of arsenic the contribution of CAT-2 in the
observed increase of total CAT activity seems to be
higher in the arsenite treatment.

The effects of arsenic on the accumulation of the three
Cat and theGst1 transcripts in scutella of developing
maize embryos were investigated. As is evident (Fig.

1C), all three maizeCat genes are induced when the
embryo is excised from the scutellum and placed on an
agar plate for 24 h. Comparing in planta control and the
24 h control we observed a high induction ofCat1 and
Cat2, a lower induction ofCat3, while Gst1 transcript
did not change. It is conceivable that the observed in-
crease inCat transcript levels is due to wounding and/or
changes in endogenous hormone levels (Guan, L.; Scan-
dalios, J. G., unpublished results). Differential responses
of these genes were observed after treatment of the
excised embryos with increasing concentrations of ar-
senic.Cat1 transcript increased to high expression levels
up to 1 mM of arsenic. This increase was followed by a
sharp decrease at 10 mM arsenite while a lower decrease
was observed at 10 mM arsenate.Cat2 transcript re-
mained high and/or increased slightly after treatment
with arsenic up to 0.1 mM, andCat2 expression was
totally inhibited at higher concentrations. TheCat3 ex-
pression pattern was very similar to that ofCat2with an
increase after treatment with up to 0.1 mM, and a drastic
decrease at 1 mM and total inhibition at 10 mM arsenic.
Gst1expression was higher than the control in all con-
centrations examined. The highest expression was ob-
served at 1 mM arsenic (Fig. 1C).

Effects of arsenic on catalase gene expression in
germinating embryos

The effects of arsenic on catalase andGst1 expression
were also studied in mature germinating 5 dpi maize
embryos. Total catalase activity increased with increas-
ing arsenic concentrations, reaching a maximum at 10
mM arsenic (Fig. 2A). Zymogram analysis showed that
the increase in total CAT activity is due to an increase in
the activity of the CAT-2 isozyme after treatment with
both forms of arsenic (Fig. 2B). However, western blot
analyses using the CAT-2 antibody indicated that accu-
mulation of CAT-2 protein increased only as the concen-
trations of arsenate increased from 1–10 mM (Fig. 2C).
In arsenite-treated embryos CAT-2 protein appeared to
increase at 0.01 to 0.1 mM concentration of arsenite,
while it decreased to control levels at high doses of 1 mM
and 10 mM arsenite (Fig. 2C).

Transcription of the three maizeCat and theGst1
genes was also examined. Upon excision of the germi-
nating embryo and placement on an agar plate for 24 h,
a slight induction ofCat1, Cat3, andGst1,and a slight
repression ofCat2,were observed (Fig. 2D).Cat1 tran-
script increased in arsenate-treated embryos as the doses
of arsenate increased from 0.01 mM to 1 mM, while it
dropped to control levels at 10 mM arsenate. In arsenite-
treated embryosCat1 transcript gradually increased with
increasing doses of arsenite up to 0.1 mM, while it
decreased at 1 mM and totally repressed at 10 mM (Fig.

Fig. 1. Changes in catalase activity, isozyme protein, and transcripts of
28 dpp developing embryos in the presence of arsenate or arsenite.
Embryos were isolated from 28 dpp kernels of greenhouse-grown
W64A plants and incubated on MS medium supplemented with in-
creasing concentrations of arsenate for 24 h in light. Scutella were
isolated from treated embryos and equal amounts of protein were used.
The in planta control is designated as ip. (A) Changes in total CAT
activity in response to various concentrations of arsenate or arsenite.
Total CAT activity is represented as changes in absorbance of 240 nm
(Unit or U) per mg of protein after treatment. Values are the mean6
SD of three independent experiments. Asterisks indicate statistically
significant differences between control and sodium arsenate (F 5
29.039;p , 0.001) or sodium arsenite (F 5 48.814,p , 0.001) treated
embryos. (B) Zymogram pattern of 28 dpp scutella treated with arsenic.
The two catalase homotetramers are indicated by arrows. The rest of
the bands are CAT-1/CAT-2 heterotetramers. (C) Accumulation ofCat
transcripts in scutella treated with arsenate or arsenite. Total RNA (20
mg) was separated by electrophoresis on denaturing 1.6% agarose gels
and transferred onto nylon membranes. The same blot was sequentially
hybridized with gene specific probe (gsp) of the maizeCat1, Cat2,
Cat3, andGst1. The 18S rRNA was used as a control to demonstrate
equal RNA loading and transfer. Results are representative of at least
three independent experiments.
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2D).Cat2gene expression was highly induced by arsenic
at 0.01 and 0.1 mM (Fig. 2D). However, at 1 mM it was
slightly decreased by arsenate while it was totally re-
pressed by arsenite. At 10 mM a dramatic decrease was
observed with arsenate, while with arsenite theCat2
transcript rebounds to a level comparable to that ob-
served in planta.Cat3 transcription was repressed to the
in planta level by arsenic up to 1 mM, while it was totally
inhibited at 10 mM. A high induction of theGst1gene
was observed after treatment with 0.01 mM arsenic fol-
lowed by a gradual decrease in arsenate treatments,
reaching the control levels at 10 mM, while with arsenite
it remained unchanged at 0.1 mM and disappeared there-
after (Fig. 2D).

To further understand the accumulation pattern of
Cat1 and Cat2 genes in response to low and high con-
centrations of arsenic, we conducted time course exper-
iments using 0.1 and 10 mM of arsenate or arsenite.Cat1
transcript increased in response to 0.1 mM arsenate or

arsenite within 4 h, reaching highest levels by 24 h (Fig.
3A). In contrast, theCat2 transcript increased in re-
sponse to 0.1 mM arsenate or arsenite starting at 6 h and
reached highest levels by 12 h (Fig. 3B). Time course
experiments with 10 mM arsenate showed that accumu-
lation of Cat1 transcript appears to be inhibited in re-
sponse to this concentration of arsenate (Fig. 3A). Ki-
netics studies using 10 mM arsenite showed that
accumulation ofCat1transcript initially increased at 2 h,
and then at 8 h started to decrease gradually, reaching the
lowest level at 24 h (Fig. 3A). A similar pattern was
observed with theCat2 transcripts at 10 mM arsenate or
arsenite (Fig. 3B).

Accumulation ofCat transcripts in response to arsenic
in young leaves

Ten-day-old light-grown W64A seedlings were treated
hydroponically with increasing concentrations of arsenic
(see Materials and Methods). After treatment, leaves
were collected and total RNA was isolated for Northern
blot analysis. We observed that the arsenic-treated seed-
lings looked normal at low concentrations of 0.01–0.1
mM; however, as the concentrations increased from 1-10
mM, treated leaves showed signs of dehydration and
wilting. Normal leaves showed a dramatic increase in
Cat1transcript, reaching highest levels at 1 mM arsenate
or arsenite (Fig. 4). At 10 mM arsenate or arseniteCat1

Fig. 2. Postgermination changes in catalase activity, isozymes, and
transcripts in the presence of arsenate or arsenite. Embryos were
excised from 5 dpi germinating W64A seeds and treated with increas-
ing concentrations of sodium arsenate or sodium arsenite. Scutella were
isolated from treated embryos and equal amounts of protein for each
dose treatment were used for catalase activity assays, zymograms and
Western blot analysis, using CAT-2 antibody. Changes in catalase
activity (A). Values are the mean6 SD of three independent experi-
ments. Asterisks indicate statistically significant differences between
control and sodium arsenate (F 5 19.976, p , 0.001) or sodium
arsenite (F 5 105.681,p , 0.001) treated embryos. Zymogram pat-
terns (B), protein (C), and transcripts (D) in the presence of sodium
arsenate or sodium arsenite. Total RNA (20mg) was used for Northern
blot and probed with each of the threeCat and Gst1 gsps. The 18S
rRNA was used as a loading control.

Fig. 3. Kinetics of changes in catalase transcripts in response to
arsenate (A) or arsenite (I). Embryos were dissected from 5 dpi ger-
minating seeds of W64A. (A) Excised embryos were incubated on MS
medium in light for 2, 4, 6, 8, 12, and 24 h on MS medium supple-
mented with (1) and without (2) 0.1 mM arsenate (A) or arsenite (I).
(B) Excised embryos were incubated on MS medium in light for 2, 4,
6, 8, 12, and 24 h with (1) and without (2) 10 mM arsenate (A) or
arsenite (I). Embryos were collected and total RNA was isolated from
each treated sample. Total RNA (15mg) from each (1) and (2) treated
time point was used for Northern blot analysis withCat1(Panel A) and
Cat2 probes (Panel B). Results are representative of two independent
experiments.
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transcript decreased dramatically. TheCat2 mRNA was
not significantly affected by the presence of arsenic at
0.01–0.1 mM; however,Cat2 mRNA decreased signifi-
cantly at arsenic concentrations of 1 and 10 mM (Fig. 4).
The Cat3 transcript appeared to accumulate at control
levels at low concentrations of 0.01–0.1 mM arsenate or
arsenite, while it was undetectable at high concentrations
of 1 and 10 mM arsenic (Fig. 4). Accumulation ofGst1
transcript was at the control level at low concentrations
of arsenic, and increased dramatically at 1 mM arsenic.
Gst1transcript levels remained at the control level at 10
mM arsenate and decreased to nearly undetectable level
with arsenite (Fig. 4).

Effects of arsenic on SOD gene expression in
developing embryos

The effects of arsenate and arsenite on superoxide dis-
mutase were investigated in developing embryos. Imma-
ture embryos (28 dpp) were isolated from W64A kernels
and incubated on MS medium containing 0.01, 0.1, 1,
and 10 mM arsenate or arsenite. After treatment, total
protein was analyzed for changes in total superoxide
dismutase (SOD) activity, and specific SOD-3 activity.
In 28 dpp scutella, total SOD increased at low concen-
trations of arsenic, with a maximum of SOD activity
observed at 0.01 mM (Fig. 5A). As the dose of arsenic
increased, induction of total SOD activity gradually de-
creased to below control levels at 10 mM (Fig. 5A). A
similar pattern of changes is observed for the specific
SOD-3 activity in response to arsenate or arsenite (Fig.
5B).

The effects of arsenic on the accumulation of various
Sodtranscripts in scutella of developing maize embryos

were also investigated.Sod3transcript levels appear to
be upregulated in response to arsenic.Sod3transcripts
increased from 0 to 0.01 mM arsenate and from 0 to 0.1
mM arsenite (Fig. 5C). At 1 mM concentration of arsen-
ate, Sod3 transcript levels decreased, while at 10 mM
arsenate they were undetectable. On the other hand, at 1
mM arsenite concentrationSod3 transcript levels were
barely detectable, while at 10 mM concentration they
were very low (Fig. 5C).

A high induction ofSod4/4Aexpression was observed
in the excised embryos. Accumulation ofSod4transcript
in response to arsenate appeared to be at control levels as
the dose of arsenate increased to 0.01 and 0.1 mM, while
it decreased slightly as the concentrations further in-
creased (Fig. 5C). On the other hand, accumulation of
Sod4transcript in response to arsenite appeared to accu-
mulate at control levels as the concentrations of arsenite
increased from 0.01 to 1 mM, while a slight decrease was

Fig. 4. Responses of catalase and glutathione-S-transferase genes to
arsenate or arsenite in young seedlings. Ten-day-old light grown W64A
seedlings were treated hydroponically with different concentrations of
sodium arsenate or sodium arsenite. Leaves were collected and total
RNA (20 mg) was separated on 1.6% denatured agarose gels and
transferred onto nylon membranes. Blots were probed with maizeCat
and Gst gsps. The 18S rRNA was used as a loading and transfer
control. Results are representative of two independent experiments.

Fig. 5. Changes in SOD activity and transcripts in response to arsenate
or arsenite in 28 dpp developing embryos. Embryos were isolated from
28 dpp kernels and treated with increasing concentrations of sodium
arsenate, or sodium arsenite. (A) Changes in total SOD activity in
response to arsenic. Values are the mean6 SD of three independent
experiments. Asterisks indicate statistically significant differences be-
tween control and sodium arsenate (F 5 9.942,p 5 0.0016) or sodium
arsenite (F 5 2.866, p 5 0.0806) treated embryos. SOD activity
(Units/mg protein) was proportional to (V/v2 1)/mg protein, where V
equals the change in absorbance (550 nm) per min in the absence of
SOD and v equals the change in absorbance in the presence of SOD.
(B) Changes in specific SOD-3 activity in response to arsenic. Values
are the mean6 SD of three independent experiments. Asterisks indi-
cate statistically significant differences between control and sodium
arsenate (F 5 45.746,p , 0.001) or sodium arsenite (F 5 42.287,p ,
0.001) treated embryos. (C) Total RNA (20mg) was used for Northern
blot and probed with each of the threeSodgsps. The 18S rRNA was
used as a loading control. Results are representative of two independent
experiments.
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observed at 10 mM arsenite (Fig. 5C). Accumulation of
Sod4Atranscript appeared to be at control levels at 0.01
mM arsenic while it decreased at 0.1 mM arsenate and
increased at the same concentration of arsenite. How-
ever, with 1 mM of either arsenic formsSod4Atranscript
decreased, while at 10 mM it increased in comparison to
1 mM, but was lower than the control (Fig. 5C).

Accumulation of SOD transcripts and isozyme activity
in germinating embryos

The effects of arsenic on SOD expression were also
studied in mature 5dpi germinating maize embryos. Total
SOD activity increased with increasing doses of arsenic,
with the maximum SOD activity observed at 10 mM
arsenic (Fig. 6A). SOD-3 specific activity also increased
with increasing concentrations of arsenate or arsenite
(Fig. 6B). A very similar pattern ofSodgene responses
to arsenic was observed withSod3, Sod4,and Sod4A.
Transcript levels increased as the dose of arsenate in-

creased up to 1 mM, and arsenite up to 0.1 mM, while
they decreased at higher concentrations of arsenic (Fig.
6C).

Accumulation ofSod transcripts in response to arsenic
in young leaves

To further understand the mechanisms ofSodgene re-
sponses to arsenic, we examined the effect of arsenate
and arsenite onSod expression in young leaves. Ten-
day-old light-grown W64A seedlings were harvested and
treated with arsenate or arsenite as described above.
Northern blot analysis indicated that theSod3transcripts
increased in response to low doses of 0.01–0.1 mM
arsenic and they decreased as the dose further increased
(Fig. 7).Sod4transcript levels gradually increased at low
concentrations of 0.01 and 0.1 mM arsenic, followed by
an increase at 1 mM arsenic, and then decreased to
control levels at 10 mM arsenic (Fig. 7). Slight variations
from the control levels were observed inSod4A re-
sponses to arsenate up to 0.1 mM and arsenite up to 1
mM, while no transcript could be observed at higher
concentrations (Fig. 7).

DISCUSSION

Expression ofCat genes in response to arsenic

In this study we have demonstrated that total catalase
activity increased in response to arsenic. Plants are par-
ticularly sensitive to arsenates in their avid quest for
acquiring phosphate.37 Growth of arsenate- or arsenite-
treated maize embryos did not noticeably affect viability
or germination. We have demonstrated that the increase
in total catalase activity in developing embryos treated
with arsenic was due to CAT-1 and CAT-2 at low
concentrations (Fig. 1B). It is interesting to observe that

Fig. 6. Postgermination changes in SOD activity and transcripts in the
presence of arsenate or arsenite. Embryos were excised from 5 dpi
germinating W64A seeds and treated with increasing doses of sodium
arsenate or sodium arsenite. (A) Changes in SOD activity. Values are
the mean6 SD of three independent experiments. Asterisks indicate
statistically significant differences between control and sodium arsen-
ate (F 5 2.401, p 5 0.1191) or sodium arsenite (F 5 1.949, p 5
0.1787) treated embryos. (B) changes in specific SOD-3 activity. Val-
ues are the mean6 SD of three independent experiments. Asterisks
indicate statistically significant differences between control and sodium
arsenate (F 5 7.472,p 5 0.0047) or sodium arsenite (F 5 21.624,p ,
0.001) treated embryos. (C) transcripts in the presence of arsenate or
arsenite. Total RNA (20mg) was separated by electrophoresis on
denaturing 1.6% agarose gels and transferred onto nylon membranes.
The same blot was sequentially hybridized with each of the three maize
Sodgsps. The 18S rRNA was used as a loading control.

Fig. 7. Responses of SOD genes to arsenic in young seedlings. Ten-
day-old light-grown W64A seedlings were treated hydroponically with
different concentrations of sodium arsenate or sodium arsenite. Leaves
were collected and total RNA (20mg) was separated on 1.6% denatured
agarose gels and transferred onto nylon membranes. Blots were probed
with maizeSodgsps. The 18S rRNA was used as a loading and transfer
control. Results are representative of two independent experiments.
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the increase in total CAT activity at 0.1 mM arsenite
treatment was due primarily to CAT-2 and secondarily to
CAT-1 (Fig. 1B). At this developmental stage both
CAT-1 and CAT-2 isozymes are detected20; however, it
is evident that the two ionic forms of arsenic have a
distinct effect on induction of activity of specific CAT
isozymes. The increase in CAT-1 and CAT-2 activities
was paralleled with an increase ofCat1andCat2mRNA
levels (Fig. 1C). At this developmental stageCat3
mRNA or CAT-3 activity are not normally expressed20;
however, arsenic induced accumulation ofCat3 mRNA
at low concentrations.

In germinating embryos total catalase activity is in-
creased within a wide range of arsenic concentrations
(from 0.01 to 10 mM). The observed increase in CAT
activity is due to specific increase of CAT-2 activity (Fig.
2B). However, this increase in enzyme activity is accom-
panied with an increase of CAT-2 protein only in the
arsenate treatments. Conversely, in treatments with ar-
senite the increase in enzyme activity is concurrent with
decrease of the amount of CAT-2 (Fig. 2C). The appar-
ent antithesis is probably due to differential posttran-
scriptional and/or posttranslational mechanisms affecting
CAT-2 in arsenic-treated plants. The nature of these
mechanisms is obscure. Treatment of germinating em-
bryos of the CAT-2 null line (WA8B) with arsenic,
showed that neither CAT-1 or CAT-3 isozymes compen-
sated for the absence of CAT-2, suggesting the involve-
ment of molecular mechanisms specific to the induction
of the CAT-2 isozyme at this particular developmental
stage (data not shown). Time-course experiments
showed that at 10 mM arsenate, accumulation ofCat1
and/orCat2 mRNA is inhibited after 2 h of treatment,
while in arsenite treatment accumulation ofCat1 and/or
Cat2 mRNA is decreased as a factor of time (Fig. 3B).
Based on this observation, it is clear that at 10 mM
concentration arsenate has a more severe effect on the
accumulation ofCat1 andCat2 transcript than arsenite.
However, it is not clear whether the observed differences
in mRNA levels are due to changes in mRNA turnover
rate or to inhibition of gene transcription. In leaves, as
with developing and germinating embryos,Cat1 tran-
script levels increased in response to arsenate or arsenite.
Cat2 andCat3 mRNA levels were at steady-state levels
at low concentrations of arsenic, while at high concen-
trations they were suppressed.

Overall, the data presented in this study suggest that
the Cat genes in maize are regulated in a multilayered
fashion in response to arsenic. Treatment with arsenic
induces expression of theCat1 gene irrespective of the
developmental stage of the tissue or tissue type. This
suggests that theCat1gene may represent a more direct
response to stress induced by metal toxicity, than do
Cat2andCat3. It was reported that induction of Phase II

detoxification enzymes is mediated by activation of an
upstream electrophilic responsive element/antioxidant-
responsive element (EpRE/ARE).8 Studies in our labo-
ratory20 have shown the presence of an 11-bp element
located at2470 in the promoter region of theCat1gene.
This element was identified to be homologous to the
ARE element (59-puGTGACNNNGC-39) of the rat glu-
tathione-S-transferase Ya subunit and the rat NAD(P)H
quinone reductase gene.38,39 The ARE of the rat gluta-
thione S-transferase Ya subunit is highly activated by
diverse inducers, including sodium arsenite and pheny-
larsine oxide.8 It was concluded that activation of the
EpRE/ARE by electrophile and antioxidant inducers is
mediated by EpRE/ARE specific proteins. To date such
protein complexes have not been identified. ARE ele-
ments have also been identified in the promoter region of
theCat2andCat3genes.20 In addition to the ARE motif,
an MRE (metal responsive element) was identified at
2480 in theCat2 promoter region. MRE motifs can be
found in the promoter region of metalothionine proteins
that bind heavy metal ions and has been functionally
implicated in heavy metal detoxification.40 Thus, the
catalase gene enzyme system of maize provides us with
an excellent opportunity to identify the EpRE/ARE spe-
cific proteins as well as other protein-complexes impli-
cated in the regulation of these important defense genes
(Cat1, Cat2,andCat3) and their relationship with metal-
mediated oxidative stress. Deletion analysis and gel-
retardation studies onCat gene promoter fragments are
currently underway, and should enable us to identifycis-
and trans-acting elements involved in metal-mediated
stress.

Expression ofGst1 in response to arsenic

Previous studies8,17 have shown that detoxification
(Phase II) enzymes such as GSTs and NAD(P)H:(qui-
none acceptor)oxidoreductase are induced in animal cell
systems in response to a variety of electrophilic com-
pounds, including arsenic. Plants, like animals, possess a
two-phase detoxification process that enables them to
detoxify xenobiotics. In this study we have demonstrated
that arsenic induces expression ofGst1 in all tissues
examined, and that its expression pattern appears to be
identical to that ofCat1. This observation indicates a
correlation in the function ofGst1with that ofCatgenes.
It is possible that both genes respond to the same regu-
latory mechanisms. The most likely possibility is that
during detoxification of arsenic, expression ofGst1 is
induced to catalyze the conjugation of arsenic to gluta-
thione (GSH). Previous reports10,17 have shown that in-
creased levels of glutathione correlated with arsenic re-
sistance in animal systems. In addition, it is known that
arsenic ions interact highly with sulfhydryl groups of
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amino acids; therefore, it is likely that the conjugation of
arsenic to GSH is promoted to prevent its interaction
with other proteins or enzymes. Depletion of GSTI could
lead to oxidative stress, resulting in the induction of
antioxidant enzymes such as catalase.

Differential responses of cytosolic and mitochondrial
SODs to arsenic

An equally important outcome of this study is the dem-
onstration of changes in SOD activity and gene expres-
sion in response to arsenic. Total SOD activity and
specific SOD-3 activity increased in response to low
concentrations of arsenic in developing embryos. Previ-
ous studies have shown that arsenic uncouples the oxi-
dative phosphorylation pathway in mitochondria by in-
hibiting the FB factor of the H1-ATPase1, thus
promoting generation of superoxide radicals. It has also
been shown that treatment with arsenite can produce
extensive oxidation of intramitochondrial NAD(P)H
transhydrogenase.41 NAD(P)H shortages may result in
accumulation of oxidized glutathione and ROS.41 Fur-
thermore, it is known that arsenate is reduced rapidly to
arsenite via cytochrome and cytochrome oxidase, using
oxygen as a final electron acceptor,37 a reaction that is
catalyzed rapidly in plants such as corn, peas, melons,
and tomatoes. During this reduction generation of super-
oxide radicals is possible through reduction of oxygen.
Several reports (ref. 42 and references therein) indicate
that superoxide radicals can be generated during the
reaction of cytochrome oxidase with oxygen. Thus the
observed increase in mitochondrial SOD-3 activity could
be justified by the need for the removal of increased
levels of superoxide radicals. Under such conditions, the
observed increase in mitochondrial SOD activity is cou-
pled with an increase inSod3mRNA levels. Cytosolic
Sod4andSod4AmRNA are at steady-state levels while
an increase in total SOD activity is evident, which could
be largely attributed to the increase in specific SOD-3
activity.

In germinating embryos total SOD activity and spe-
cific SOD-3 activity increased gradually in response to
arsenic. At this developmental stage,Sod3, Sod4,and
Sod4AmRNA levels are upregulated in response to a
wide range of arsenate concentrations (from 0.01 to 1
mM). A similar increase inSod transcript levels is ob-
served in arsenite treatment. However, at 1 and 10 mM
concentrations of arsenite, transcripts are barely detect-
able. It appears that high concentrations of arsenite have
an inhibitory effect on the accumulation ofCat, andSod
mRNAs, while this is observed only with 10 mM con-
centration of arsenate. It is known that the toxic effect of
arsenic on various cellular processes is accomplished via
its conversion to arsenite. Therefore, it is possible that

higher concentrations of arsenate are required to estab-
lish a toxic intracellular level. The decreased mRNA
levels of Sod3, Sod4,and Sod4Aat 10 mM arsenate, 1
mM, and 10 mM arsenite do not mimic the increase of
total SOD or SOD-3 activity. Likely, there is a posttran-
scriptional event that regulates the translational output,
or possibly the turnover rate of the enzyme.

Expression ofSods was also examined in leaves of
light-grown seedlings. Induction ofSod3appears to be
consistent in all tissues examined. Meanwhile in leaves,
cytosolic Sods respond differentially to arsenic, which
appears to be tissue specific. Previous studies21 showed
that althoughSod4and Sod4Ashare a high degree of
homology in the coding region, they are different at the
promoter regions. Accumulation ofSod4mRNA in re-
sponse to arsenic in leaves followed a similar pattern to
that ofCat1andGst1. It is conceivable that induction of
Sod4correlates with an increase in intracellular super-
oxide levels, a result of detoxification process.

Further experiments are designed to characterize the
underlying mechanisms regulating induction of antioxi-
dant genes in response to arsenic in maize.
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ABBREVIATIONS

CAT—catalase protein and isozymes
Cat—catalase genes and transcripts
SOD—superoxide dismutase protein and isozymes
Sod—superoxide dismutase genes and transcripts
GST—glutathioneS-transferase
Gst1—glutathioneS-transferase I gene and transcript
GSH—reduced glutathione
ROS—reactive oxygen species
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