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Differential Expression of CuZn- and Fe-Superoxide Dismutase Genes of
Tobacco during Development, Oxidative Stress, and Hormonal Treatments
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Chloroplasts of Nicotiana tabacum have two superox-
ide dismutases: a Fe- and a CuZn-containing enzyme, en-
coded by the nuclear genes sodB and sodCp, respectively.
As a first step in studying the physiological function of
these two enzymes, we compared the expression of sodB

and sodCp in different plant organs, in response to hor-
monal treatments, and upon treatment with paraquat and
Norflurazon. The sodCp transcript and active enzyme were
detected only in young leaves of mature plants. The sodB

transcript was more abundant in young compared to old
leaves, but the enzymatic activity was higher in mature and
senescent leaves. sodCp and sodB exhibited a different ex-
pression pattern upon treatment with abscisic acid, indole-
3-acetic acid, kinetin, gibberellin, and 1-aminocyclopro-
pane-l-carboxylate. Paraquat treatment caused a decrease
in abundance of both transcripts, although the dose de-
pendency of this decrease differed. Norflurazon-induced
photooxidation resulted in a 10-fold increase of sodCp

mRNA whereas the sodB transcript level was 25% higher
than the control. These differences in expression might ex-
plain why both plastid-Iocated superoxide dismutase en-
zymes are needed, particularly under stress conditions.

Key words: Chloroplastic superoxide dismutases — Devel-

opmental regulation of sod genes — Hormonal regulation

of sod genes — Nicotiana tabacum — Norflurazon — Para-

quat.

Active oxygen species (AOS), such as singlet oxygen

('O^, superoxide radical (O^~) and hydrogen peroxide

(H2O2), are continuously produced in living cells as a by-

product of normal metabolism, during metabolism ofxeno-

biotics, and by radiation. An excess of AOS, known as oxi-

Abbreviations: ACC, 1-aminocyclopropane-l-caxboxylate;
AOS, active oxygen species; IEF, isoelectric focusing; MS/2, half-
strength Murashige and Skoog medium; pi, isoelectric point;
SOD, superoxide dismutase; sod, superoxide dismutase gene and
transcript; SSC, 150 mM NaCl, 15 mM Na3-citrate, pH 7.0.
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logie, URA CNRS 114, Universite de Nice Sophia Antipolis, Pare
Valrose, F-06108 Nice Cedex 2, France.
4 Corresponding author. Fax +32 9 2645349; e-mail mamon®
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dative stress, is harmful to cells as these molecules dam-

age nucleic acids, proteins, and lipids (Cadenas 1989). In

plants, chloroplasts are potentially the most powerful

source of AOS (Asada 1994). Here, 'O2 and Oj~ are

produced via direct donation of excitation energy (in the

former) or electrons (in the latter) to oxygen from the pho-

tosynthetic electron chain (reviewed by Asada 1994, Foyer

and Harbinson 1994). Oxidative damage in the chloro-

plasts is minimized by nonenzymatic antioxidants and by

the combined activities of superoxide dismutases (SOD;

EC 1.15.1.1) and enzymes of the ascorbate-glutathione cy-

cle (reviewed by Foyer et al. 1994).

SOD are metalloenzymes that catalyze the dismutation

of superoxide radicals to molecular oxygen and H2O2 (Mc-

Cord and Fridovich 1969). Three classes have been defined

based on their metal cofactors: copper/zinc, manganese,

and an iron form (reviewed by Bowler et al. 1994, Kane-

matsu and Asada 1994) (for numerical designations of

plant superoxide dismutases, see Zilinskas et al. 1994). Sub-

cellular fractionation studies indicated that Mn-SOD is a

mitochondrial enzyme, CuZn-SOD is predominantly cyto-

solic, and plastids contain Fe- and/or CuZn-SOD (Bowler

et al. 1994). Several studies have reported SODs in other

subcellular compartments, but no consistent pattern has

yet emerged (del Rio et al. 1992).

In chloroplasts of most angiosperms, the CuZn-con-

taining form is the major SOD. cDNAs encoding chloro-

plast CuZn-SOD (sodCp) were isolated from pea (Scioli

and Zilinskas 1988), Petunia hybrida (Tepperman et al.

1988), tomato (Perl-Treves et al. 1988), Scots pine (Karpin-

ski et al. 1992), and spinach (Sakamoto et al. 1993). Fe-con-

taining SOD was detected in the chloroplasts of a number

of higher plant species (reviewed by Bowler et al. 1994).

sodB cDNAs were isolated from Nicotiana plumbaginifolia

and Arabidopsis thaliana (Van Camp et al. 1990), and from

soybean (Crowell and Amasino 1991b). Although the sig-

nificance of these two SOD isoforms has been extensively

investigated by biochemical and molecular approaches,

little information is available regarding co-regulation of the

different chloroplast-located isoforms (Bowler et al. 1992).

In the present study, we address the question what are

the specific functions of the chloroplastic CuZn-SOD and

Fe-SOD in tobacco. It has been suggested that the presence

of two SODs in the same organelle must have a physiologi-

cal advantage (Droillard and Paulin 1990, Kwiatowski et
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464 Analysis of plastid superoxide dismutases

al. 1985). This coexistence might be explained by distinct

intra-organellar locations and/or different developmental

and biochemical processes that they are associated with. As

a first step in understanding the structure and regulation of

the chloroplastic SOD system, we compared the expression

patterns of sodCp and sodB during development and in re-

sponse to phytohormonal and photooxidative treatments.

The differential regulation of these two sod genes suggests a

specific function for each of the enzymes in protecting chlo-

roplasts from oxidative stress.

Materials and Methods

Plant material and growth conditions—Nicotiana tabacum
cv. PBD6 was grown either in soil or on half-strength Murashige
and Skoog (MS/2) medium containing 2.25 g liter"1 Murashige
and Skoog salts (ICN Biomedicals, Costa Mesa, CA), 3% (w/v)
sucrose, 2.5 mM MES (pH 5.7) and 8 g liter"1 agar (Difco, De-
troit, MI). Unless stated otherwise, plants grown on soil were
kept in a growth room at 22°C, 60% relative humidity, and 55
yumol m~

2
 s~' light and those grown on MS/2 plates were kept in

a controlled-environment chamber at 23°C and 50^molm~
2
s~'

light. In both cases plants were grown in a 16-h light/8-h dark
regime.

In experiments with ABA, IAA, GA3, 1-aminocyclopropane-
1-carboxylate (ACC), kinetin, and paraquat (all from Sigma, St.
Louis, MO) and Norflurazon (Sandoz 9786; 4-chloro-5-(methyl-
amino)-2-(a,a,a-trifluoro-ff!-tolyl)-3(2H)-pyridazinone), 2-month-
old sterile-grown plants were carefully transferred from MS/2
medium onto fresh MS/2 containing the hormone or herbicide.
Norflurazon treatment was done as described in Tonkyn et al.
(1992). In brief, tobacco plants grown in MS/2 medium for 2
months were transferred to either fresh MS/2 medium or MS/2
medium containing 10 fiM Norflurazon-. Plants were grown for an

additional 20 d with a 16-h light photoperiod (lOO^mol m~2s""'
light). After the treatment, leaves of four control and four Nor-
flurazon-treated plants were separated into an apical part (3-4
white or young leaves less than 5 cm long for the Norflurazon-
treated or control plants, respectively) and a lower part (5-6
mature leaves, more than 5 cm in length), that were frozen in liq-
uid nitrogen.

Polymerase chain reaction amplification and cloning of a
sodCp cDNA fragment from N. plumbaginifolia—Total RNA
was isolated from leaves using the method described by Jones et
al. (1985). One microgram of total RNA was used as a template
for cDNA synthesis using oligo-dT primer and the Superscript™
Preamplification System for First Strand cDNA Synthesis (Gibco
BRL, Gaithersburg, MD) according to the manufacturer's instruc-
tions. The resulting cDNA was used as template for PCR. Oligo-
nucleotide primers were designed based on the tomato sodCp
cDNA sequence (Perl-Treves et al. 1988) and the reactions were
done in a PHC-2 thermocycler (Techne, Cambrige, U.K.). The
PCR reaction was performed using following conditions: 94°C,
60s; 56°C, 60s; and 72°C, 60s. The oligonucleotides were
5' AATGTTGAGGGGGTTGTCACT 3' as forward primer and
5' ACCAACCACACCTCATGCCAA 3' as reverse primer. The
PCR product was ligated into the //mcll-linearized pGEM2
vector (Promega, Madison, WI) and the construct was named
pGSOD4. Plasmid DNA was sequenced according to Sanger et al.
(1977).

RNA isolation and RNA gel blot analyses—Total RNA was

extracted from frozen plant material as described by Logemann et
al. (1987). The RNA concentration was determined by UV absorb-
ance and samples of 12n% were fractionated on 1.5% agarose-
formaldehyde gels. Ethidium bromide was added to each sample
to allow visualization of RNA under UV light for confirmation of
equal sample loading. The RNA was transferred to nylon mem-
branes (Hybond-N, Amersham, Aylesbury, U.K.) and baked at
80°C for 2 h. The [

32
P]-labelled riboprobes used were Nicotiana

plumbaginifolia sodB gene, pGSOD2 linearized with Pstl (Tsang
et al. 1991) and Nicotiana plumbaginifolia sodCp gene, pGSOD4
linearized with Accl and were synthesized using T7 RNA poly-
merase and Riboprobe Gemini II core system (Promega) accord-
ing to the manufacturer's instructions. The blots were hybridized
at 68°C following the method of Church and Gilbert (1984) and
were washed at the same temperature with 2xSSC, 0.1% SDS
followed by 0.2xSSC, 0.1% SDS, and finally with O.lxSSC,
0.1% SDS. The hybridization signals were visualized after ex-
posure to Kodak XAR-5 films, whereafter the blots were reprobed
with random primed [

32
P]-labelled A. thaliana 28S rRNA probe.

The relative amounts of mRNA in different samples were deter-
mined by densitometric scanning of the autoradiographs using
an Ultrascan Laser Densitometer (model 2202; LKB, Bromma,
Sweden).

Protein extraction, superoxide dismutase, andperoxidase ac-
tivity staining—Total proteins were extracted in 50 mM K-phos-
phate buffer (pH 7.8) containing 0.1% L-ascorbic acid and 10 mM
dithiothreitol. Protein concentrations were measured using the
protein assay (Bradford 1976) (Bio-Rad, Hercules, CA) with
bovine serum albumin as a standard. Proteins were separated
by isoelectric focusing (IEF) on Ampholine® PAGplates (pH 4.0-
6.5) according to the manufacturer's instructions (Pharmacia,
Uppsala, Sweden). Horizontal focusing was carried out on a
Multiphor II electrophoresis unit (LKB). SOD activity staining
was done according to Beauchamp and Fridovich (1971). SOD iso-
forms were identified by H2O2 and KCN inhibition assays. CuZn-
containing enzymes are inhibited by CN~ and inactivated by
H2O2, whereas Fe-SOD is resistant to KCN and inhibited by H2O2

and Mn-SOD is resistant to both KCN and H2O2. For inhibition
assays, gels were incubated in 50 mM K-phosphate buffer (pH
7.8), 1 mM EDTA containing either 2 mM KCN or 5 mM H2O2

for 30 min on room temperature prior to staining.

For guaiacol peroxidase activity staining, IEF gels were first
equilibrated in 50 mM K-phosphate buffer (pH 7.8) for 30 min
and then incubated in the same buffer containing 50 fig, ml"1 4-
chloro-1-naphthol and 5 mM H2O2 until bands appeared.

Results and Discussion

Sequence analysis of a sodCp clone from N. plum-

baginifolia—In our previous studies we have isolated

cDNA clones of N. plumbaginifolia sodA, sodB, and

sodCc encoding a mitochondrial Mn-SOD, chloroplastic

Fe-SOD, and a cytosolic CuZn-SOD, respectively (Bowler

et al. 1989, Tsang et al. 1991, Van Camp et al. 1990). Analy-

ses of SOD isoforms from chloroplasts isolated from either

N. plumbaginifolia (Van Camp et al. 1990) or N. tabacum

(Slooten et al. 1995) indicated that in addition of Fe-SOD,

a CuZn-containing form is present. To isolate the cDNA

encoding this chloroplastic CuZn-SOD, we used a PCR-

based strategy as described in Materials and Methods. The

deduced amino acid sequence of the 431 -bp long sodCp par-

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
c
p
/a

rtic
le

/3
8
/4

/4
6
3
/1

8
3
9
8
3
9
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Analysis of plastid superoxide dismutases 465

tied cDNA is shown in Figure 1. The mature polypeptide

region of the tobacco chloroplastic CuZn-SOD is highly ho-

mologous with those from other plant species (for exam-

ple, it shared 91.5% identity at the amino acid level with

tomato chloroplastic CuZn-SOD). In comparison, there is

only a 68.2% amino acid identity between tobacco cyto-

solic and chloroplastic isoforms.

Tobacco SOD isozymes—To achieve a high resolution

of SOD isoforms, we separated proteins by IEF whereafter

the gels were stained for SOD activity. Differences in the

staining intensity of both chloroplastic isoforms were ob-

served when 5 fig up to 30 fxg of soluble protein isolated

from young leaves were loaded per lane, after which satura-

tion of the staining reaction occurred.

The SOD isozyme pattern differed between the first api-

cal leaf and a senescent leaf (Fig. 2). Based on the H2O2 and

CN~ inhibition assays, two cathodic isoforms were iden-

tified as Mn-SOD and Fe-SOD, respectively. Both isoforms

were more abundant in senescent leaves. The two anodic

SODs detected in the extracts of young leaves were CuZn-

SODs (H2O2 and KCN sensitive). The activity of cytosolic

CuZn-SOD (identified by overexpression of the N.plum-

baginifolia sodCc in N. tabacum; D. Herouart unpublished

data) decreased with increasing leaf age. Chloroplastic

CuZn-SOD isoform was not detectable in protein extracts

of senescent leaves. Two additional bands of SOD-like ac-

tivity, detected in protein extracts of senescent leaves, ap-

peared to be nitroblue tetrazolium oxidases. These enzymes

had guaiacol peroxidase activity as was confirmed by stain-

ing the IEF gel with 4-chloro-l-naphthol. These two acidic

peroxidase isoforms were more abundant in senescent

tissues and had an isoelectric point (pi) identical to that of

the nitroblue tetrazolium oxidase detected after the SOD ac-

tivity staining (Fig. 2).

Both plastid-located SODs are developmental^ regu-

lated—Most sod genes studied to date have been shown to

be developmentally regulated. The sodCp transcript level

was high in tomato shoot tips and decreased in fully ex-

panded leaves (Perl-Treves and Galun 1991). A similar dis-

tribution pattern of the sodCp transcript was reported in

pea (Strid 1993). The sodB mRNA was found to accumu-

late during leaf expansion in soybean (Crowell and Ama-

sino 1991a).

In this study, the steady-state levels of sodCp and

sodB transcripts were determined in leaves of different

age and in stems and roots of mature non-flowering
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Fig. 1 Alignment of the predicted amino acid sequences of N. plumbaginifolia chloroplastic CuZn-SOD and other chloroplastic
CuZn-SOD mature proteins contained in the EMBL Database. Amino acid residues are numbered starting from the first amino acid of
the predicted mature polypeptide region (Sakamoto et al. 1993). Sequences are derived from tomato (Perl-Treves et al. 1988), pea (Scioli
and Zilinskas 1988), Scots pine (Karpinski et al. 1992), N. plumbaginifolia (this article), spinach (Sakamoto et al. 1993), and Petunia hy-
brida (Tepperman et al. 1988).
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SOD
Leaf number

I pi
Mn-SOD
Fe-SOD
Fe-SODS—

cyt Cu/Zn-SOD
chl Cu/Zn-SOD

PX

Fig. 2 Comparison of the SOD isoform profiles from the first
leaf (LI) and the eleventh leaf (Lll) of a mature non-flowering
plant. IEF gel (pH 4.0-6.5; 30/^g protein per lane) was stained for
SOD activity. Different SOD isoforms (chl, chloroplastic; cyt,
cytosolic; Fe-SODj, senescence-associated Fe-SOD) and peroxi-
dases (PX) are indicated. IEF gels were stained for peroxidase ac-
tivity with 4-chloro-l-naphthol as described in Materials and
Methods.

N. tabacum (Fig. 3). The sodCp mRNA was 4-fold more

abundant in the youngest leaf (LI) compared to the second

leaf (L2) and decreased sharply to an undetectable level in

fully expanded leaves. The sodB mRNA level was also

higher in young leaves (80% higher compared to the second

leaf), but the transcript remained detectable in mature and

senescing leaves. Steady-state levels of both transcripts in

different regions of the stem (that is, younger vs. older

parts) resembled the pattern found in the leaves. Both tran-

scripts were more abundant in the upper part of the stem,

encompassing leaves one to four. The sodCp mRNA was

not detected in the lower parts of the stem, whereas the

level of the sodB transcript decreased, but remained detect-

able in older parts of the stem. As expected, both mRNAs

Lear number Stem

• " * * -

sodB

Fig. 3 Comparison of sodCp and sodB mRNA distribution in
tobacco organs. Representative results from RNA gel blot analysis
(12/jg total RNA per lane) of sodCp and sodB expression are
shown. Total RNA was isolated from leaves (leaf 1 being the first
apical leaf larger than 9 cm, and leaf 11 being a senescent leaf),
stems, and roots (R). Stems were separated into three segments:
uppermost (U) containing the apical bud and the stem until leaf 4,
the middle part (M) until leaf 9, and the lowest part (L) corre-
sponding to the tenth and the eleventh leaves.

Fe-SOD .
Fe-SODS\

cyt Cu/Zn-SOD -i=
chl Cu/Zn-SOD *~

Fig. 4 Distribution of SOD isozymes during leaf expansion and
senescence. The leaf numbering is the same as in Fig. 3 and
STEMup denotes the uppermost part of the stem. The amount of
protein loaded per lane was 15 n%.

could not be detected in the roots.

Figure 4 illustrates the changes in SOD isozyme pat-

terns during leaf maturation. The chloroplastic CuZn-SOD

activity levels reflected the gradient of sodCp mRNA: the

highest activity was found in young leaves and a gradual

decrease was observed with leaf age. There was no direct

correlation between sodB mRNA abundance and Fe-SOD

activity: while the sodB transcript level decreased, the Fe-

SOD activity increased with leaf age. These data suggest

that Fe-SOD has a high turnover in young leaves and/or is

accumulating in older leaves. An additional Fe-SOD iso-

form with lower pi (Fe-SOD^) was detected in mature and

senescent leaves. Parallel to the decreased activities of chlo-

roplastic and cytosolic CuZn-SOD isoforms (from the

seventh leaf on), an increased activity of Fe-SOD* was evi-

dent. The isoelectric points of Fe-SOD^ and cytosolic

CuZn-SOD are similar, which can result in an insufficient

resolution of these isoforms in senescent leaves. Analysis

of the SOD patterns of the oldest leaf and the apical part of

the stem showed that in senescent leaves the major iso-

forms were Fe-SOD and Fe-SODS (Fig. 4). The existence of

age-related SOD isoforms, including multiple Fe-SOD iso-

forms with close pi values, has previously been reported in

carnations (Droillard and Paulin 1990).

Thus, the two chloroplastic sod genes are differently

regulated during development. The presence of the sodCp

transcript and corresponding enzyme in young leaves only,

in contrast with the Fe-SOD that is present in all photosyn-

thetic tissues, is the first lead to resolve their specific func-

tions.

Paraquat-induced oxidative stress results in distinctive

responses of sodCp and sodB genes—In the presence of

light, paraquat causes formation of O^~ preferentially with-

in the chloroplasts (Halliwell and Gutteridge 1989). It was

reported that overproduction of either Mn-SOD (Bowler et

al. 1991, Slooten et al. 1995) or chloroplastic CuZn-SOD

(Sen Gupta et al. 1993) in tobacco chloroplasts resulted

into an increased resistance to paraquat-mediated damage.

In addition, it was demonstrated that in some paraquat-re-

sistant weed biotypes chloroplastic SOD activity is elevated

(reviewed in Hart and DiTomaso 1994).
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Paraquat (uM)

0.25 05 2 5

sodC:

sodB

rRNA « N *

Fig. 5 Effects of paraquat on steady-state mRNA levels of
sodCp and sodB. Tobacco plants were grown on MS/2 medium
with the indicated concentrations of paraquat for 4 d. The aerial
parts of four plants (apex, 3 to 4 young leaves, and 4 to 5 mature
leaves) were pooled for each treatment and total RNA was ex-
tracted. A single RNA gel blot was hybridized to the sodCp probe
and re-hybridized sequentially to sodB and ribosomal RNA
(rRNA).

We examined the expression of sodCp and sodB genes

after a treatment with a range of paraquat doses. Two-

month-old plants grown in sterile conditions were trans-

ferred to media containing 0.25, 0.5, 2.5, and 5 fiM. para-

quat and treated for 4 d. In the light conditions used, only

plants grown on 5 ^M paraquat became chlorotic. The ac-

cumulation patterns oisodCp and sodB mRNAs are shown

in Figure 5. The level of sodCp mRNA was reduced to 20%

of the control level in plants grown on 0.25 fiM paraquat

and to approximately 10% in plants grown on 2.5 ftM para-

quat. In plants grown on 0.25 /uM paraquat, the sodB tran-

script level was on average 20% higher than in the control,

but higher paraquat concentrations resulted in a gradual

decrease of sodB mRNA abundance (by 50% on 0.5 fiM,

70% on 2.5 fiM and 85% on 5 fiM paraquat). Chloroplastic

CuZn-SOD activity was not detected in plants grown on

paraquat, and the Fe-SOD activity levels were reduced at

higher paraquat concentrations (data not shown).

Paraquat-mediated and seemingly dose-independent

reduction of sodCp mRNA level is not an isolated case in

which the accumulation of the transcript for this protective

enzyme is greatly reduced after stress. In pea, 24 h after

UV-B treatment the level of sodCp mRNA is reduced to

10% of the level in the control plants (Strid 1993). The com-

parison of sodCp and sodB expression profiles would sug-

gest that Fe-SOD is a more important protectant against

paraquat-induced oxidative stress in the chloroplast. In-

terestingly, the O;" dismutation product H2O2 is not in-

activating CuZn-SOD and Fe-SOD to the same extent

(reviewed by Kanematsu and Asada 1994). CuZn-SOD is

completely inactivated by H2O2 whereas Fe-SOD is inacti-

vated to a limit of 90% (Kanematsu and Asada 1994). This

residual H2O2-resistant activity may play an important role

during stress.

Photooxidative destruction of chloroplasts exerts differ-

ential effects on the expression of sodCp and sodB—To

examine whether the expression of plastid-located sod

genes is dependent on functional chloroplast, we analyzed

their expression under photobleaching conditions caused

by a Norflurazon treatment. This herbicide blocks de novo

synthesis of carotenoids by inhibiting phytoene desaturase,

the rate-limiting enzyme in carotenoid biosynthesis. One of

the most important processes involving carotenoids in pho-

tosynthetic systems is the quenching of triplet-state chloro-

phyll, thereby preventing the generation of singlet oxygen

(Pallett and Joung 1993). We analyzed the levels of plastid-

located sod transcripts in plants grown for 2 months on

MS/2 medium that were transferred to either MS/2 medi-

um or lOfiM Norflurazon-containing MS/2 medium and

grown for an additional 20 d in light (100/imolm"2s -1).

By the time the leaves were harvested, 3-4 apical leaves

(less than 5 cm in length) of the Norflurazon-treated plants

appeared completely white, whereas the older leaves (more

than 5 cm in length) were lighter green than the control

plants indicating photooxidative damage. Analysis of total

protein extracts from white leaves by SDS/polyacrylamide

gel electrophoresis revealed the absence of the small and

large subunit of ribulose-l,5-bisphosphate carboxylase (data

not shown). The chlorophyll a/6-binding protein (cab)

mRNA level was 3-fold higher in the young leaves of the

control plants compared to the white leaves of the Norflura-

zon-treated plants (data not shown). The level of the sodCp

transcript was approximately 10-fold higher in apical

(white) leaves from Norflurazon-treated plants compared

to that of young leaves at the same age of control plants

(Fig. 6). The sodB mRNA level in apical photobleached

C NF

'YL ML' _YL_ .ML_

sodCp mk

sodB MS

rRNA

Fig. 6 Effects of Norflurazon on plastid-located sod genes. Two
month-old plants were grown for an additional 20 d on MS/2 me-
dia in the absence (C) and the presence of 10 /iM Norflurazon
(NF). Total RNA was extracted from young (YL; 3 to 4 apical
leaves less than 5 cm long) and mature leaves (ML; from the fifth
leaf on). Autoradiograms of the representative RNA gel blot hy-
bridization experiments are shown.
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leaves from Norflurazon-treated plants was 25% higher

compared to that of the control. Interestingly, the natural-

ly occurring gradient ofsodB mRNA, i.e. higher transcript

levels in young compared to old leaves, was abolished in

Norflurazon-treated plants (Fig 6). We cannot rule out the

possibility that the increase of the sodB mRNA level in

green leaves of the treated plants is due to some cause other

than photooxidative damage. No changes of the SOD iso-

zyme levels were detected upon this treatment (data not

shown). We can speculate that the level of active enzyme

did not change, albeit a higher mRNA level due to a higher

rate of enzyme turnover in the stressed tissue (Williamson

and Scandalios 1992).

Studies on seedlings lacking carotenoids showed that

photooxidation inhibited the transcription of a set of nucle-

ar genes (Mayfield and Taylor 1984, 1987, Oelmuller and

Mohr 1986, Oelmuller et al. 1986). It was proposed that a

plastid-born signal, which is sensitive to the developmental

and/or functional state of the chloroplast, is necessary for

the optimal transcription of a set of nuclear-encoded chlo-

roplast proteins (reviewed by Taylor 1989, Mayfield 1990).

There are several explanations for the high level of sodCp

mRNA in white leaves. Because carotenoids are the precur-

sors of ABA (reviewed by Taylor 1991, Zeevaart et al.

1991), the high expression levels can be a result of ABA

deficiency (see below). Alternatively, it can be speculated

that a signal produced in mature chloroplasts represses

sodCp gene expression. Therefore, the lack of this signal

from photooxidised plastids can result in a de-repression of

this gene. Another possible explanation is that a signal

from photobleached plastids might induce the expression

of the sodCp gene. Additional experiments could help to

distinguish between these possibilities. The steady-state

level of sodB in the photobleached tissue increased by

25%, suggesting that for its expression sodB does not re-

quire functional chloroplasts.

Role of hormones in sodCp and sodB expression—

The results above confirm that the plastid sod genes are de-

velopmentally regulated and transcriptionally controlled

by stress. Previous reports have revealed some effects of

hormones on sodCp and sodB expression (Casano et al.

1994, Crowell and Amasino 1991a, Perl-Treves and Galun

1991). The level of sodB increased during auxin and cyto-

kinin starvation in soybean cell cultures (Crowell and

Amasino 1991a), whereas sodB mRNA levels did not in-

crease after dark-adapted barley leaves were treated with

kinetin (Casano et al. 1994). In tomato plants treated with

ethephon, sodCp mRNA and the chloroplastic CuZn-SOD

levels increased (Perl-Treves and Galun 1991).

To obtain a more general view on the effects of plant

hormones on sodCp and sodB expression, we analyzed

their transcriptional response to IAA, ABA, GA3, kinetin,

and the ethylene precursor ACC. We characterized the

effects of a 24-h-long treatment with a single dose of the

sodCp

sodB

rRNA

#ti*ife

10

6-

3 -

0- III!

T

|

I T

III
iil

Fig. 7 Effects of hormone treatments on sodCp and sodB
mRNA levels. (A) Two-month-old sterile-grown tobacco plants
were transferred to MS/2 medium containing either 10 ftM ABA,
10 ^M IAA, 10 ̂ M kinetin, 5^/M GA3, or 200 fiM ACC. After 24
h of growth, aerial parts (apex, 3 to 4 young leaves, and 4 to 5
mature leaves) were collected and total RNA was extracted. Repre-
sentative data from RNA gel blot hybridization analysis are
shown. (B) Densitometric data are presented as mean±SEM of
two measurements. The value of 1 on the ordinate was given to the
mRNA level of the non-treated and ACC-treated plants in the case
of sodB and sodCp, respectively.

classical phytohormones using 2-month-old sterile-grown

plants in which both transcripts are present at a relatively

high level (Fig. 7). In all cases, the Fe-SOD and chloroplas-

tic CuZn-SOD activity levels were comparable to the con-

trol after 24 h of treatment (data not shown). The discrep-

ancy between hormone-induced decreases or increases of

sodCp and sodB transcript levels and the constant activity

of the corresponding enzymes suggest that SOD activity is

regulated post-transcriptionally, for example, by regulat-

ing efficiency of translation and/or protein stability.
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The sodCp mRNA levels decreased in response to all

the hormone treatments (by 60% for ABA, by 50% for

IAA and kinetin, and by 80% for ACC), except for the

GA3 treatment that resulted in an induction of approx-

imately 2-fold. Both sodCp and sodB genes showed a

similar response to the GA3 treatment. ABA and IAA had

no effects on sodB expression and the sodB mRNA level

was higher in response to kinetin (3-fold) and ACC (1.5-

fold).

These differences in the expression pattern again in-

dicate different functions for sodCp and sodB in the chloro-

plastic antioxidative system. The ACC-mediated repression

of sodCp can relate to the low expression level of this gene

in senescing tissues. The IAA-mediated repression of this

gene might be associated with ethylene biosynthesis, be-

cause plants have been shown to have an IAA-induced

ACC synthase activity (Abel et al. 1995). It is puzzling that

sodCp, which based on its developmental expression pat-

tern would be specific for young tissue, is repressed by the

anti-senescence hormone kinetin. Transcription of some

members of sod multigene families, such as rice sodCc-2

(Sakamoto et al. 1995) and maize sod3.2, sod3.3, and

sod3.4 (Zhu and Scandalios 1994) is induced by ABA. To

our knowledge, this is the first report of an ABA-mediated

decrease in sodC transcript level. The finding that sodB is

induced by kinetin, as well as by ACC is somewhat puzzl-

ing, given the opposing effects that are ascribed to cyto-

kinins and ethylene (Abeles et al. 1992). On the other hand,

this result can suggest a role for ethylene in mediating senes-

cence-related changes of sodB expression.

Concluding remarks

There are a considerable number of unresolved ques-

tions on how the expression of sod genes is regulated in

plant cells. That is particularly true for plastid-located sod

genes. Next to questions such as how oxidative stress is sens-

ed, transduced, and transmitted and how the response of

antioxidative genes is coordinated, we also need to analyze

why some plant species contain multiple SOD isoforms in

the chloroplast, how is their expression influenced by chlo-

roplast biogenesis and functional state, and what are their

specific functions. We analyzed the expression of sodCp

and sodB in tobacco to establish the differences in their

regulation. Our data suggest that chloroplastic Fe-SOD

and CuZn-SOD could be involved in protecting different

parts and/or processes within this organelle. CuZn-SOD in

spinach was shown to be associated with the PSI complex

in thylakoids, and not with the putative superoxide radical

generation site in the stroma (Ogawa et al. 1995). The com-

partmentalization of CuZn-SOD on the stroma-facing thy-

lakoids suggests the prompt scavenging of the superoxide

radical near the site of production (Ogawa et al. 1995).

Thus, further studies, combined with the analysis of the in-

tra-organellar distribution of CuZn- and Fe-SOD in tobac-

co, should lead to a better understanding of the nature of

protective functions of these two enzymes and of the com-

plexity of the signaling pathways which mediate such a fine

regulation of the chloroplastic SOD system.
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