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Transgenic maize {Zea mays L.) plants have been

generated by particle gun bombardment that overproduce

an Arabidopsis thaliana iron superoxide dismutase (FeSOD).

To target this enzyme into chloroplasts, the mature Fesod

coding sequence was fused to a chloroplast transit peptide

from a pea ribulose-l,5-bisphosphate carboxylase gene.

Expression of the chimeric gene was driven by the CaMV

35S promoter. Growth characteristics and in vitro oxida-

tive stress tolerance of transgenic lines grown in control

and chilling temperatures were evaluated. The transgenic

line with the highest transgenic FeSOD activities had en-

hanced tolerance toward methyl viologen and had in-

creased growth rates.

Key words: Chilling — Methyl viologen — Oxidative stress

— Superoxide dismutase (EC 1.15.1.1) — Transgenic plant

— Zea mays.

In chilling-sensitive plants, oxidative stress is a major

component of chilling stress (Hodges et al. 1997, Pinhero

et al. 1997). Chilling temperatures in combination with

high light intensities provoke an enhanced production of

activated oxygen species (AOS), such as superoxide (O2~),

hydroxyl radicals (OH'), and hydrogen peroxide (H2O2)

(Wise and Naylor 1987). Oxygen radicals can react very

rapidly with DNA, lipids, and proteins, which causes se-

vere cellular damage. Under normal conditions, AOS are

efficiently scavenged by both enzymatic and non-enzymatic

detoxification mechanisms. During prolonged stress condi-

tions, however, such detoxification systems get saturated

and damage occurs. The main players within the defence

system are superoxide dismutases (SODs), ascorbate per-

oxidases (APXs) and catalases (Inze and Van Montagu

1995). SODs, which can be considered as key enzymes

Abbreviations: AOS, active oxygen species; APX, ascorbate
peroxidase; Fesod, gene encoding iron SOD; MV, methyl violo-
gen; PPT, phosphinothricin; SOD, superoxide dismutase.
5 Corresponding author. Fax 32-9-2645349; e-mail: mamon®
gengenp.rug.ac.be
6 Both authors contributed equally to this work.

within the antioxidative stress defense mechanism, directly

determine the cellular concentration of O2~ and H2O2, be-

cause they dismutate superoxide into O2 and H2O2. Besides

a few exceptions, SODs are present in all aerobic organisms

and in all subcellular compartments that have to deal with

activated oxygen species. They are classified according their

metal co-factor as copper/zinc (Cu/Zn), manganese (Mn),

and iron (Fe) SODs. The subcellular distribution of these

isozymes is also distinctive (Bowler et al. 1994). The

MnSOD is found in the mitochondria of all eukaryotic

cells, Cu/ZnSODs in both cytosol and chloroplasts of

higher plants, and FeSODs only in prokaryotes and in

plant chloroplasts. The amount and relative abundance of

the SOD isozymes varies within each organism. Develop-

mental control and environmental stresses that generate the

production of AOS (such as UV, ozone, air pollutants, low

temperatures, salt stress, drought, heat shock, and patho-

gen infections) are shown to induce plant SODs (Van

Camp et al. 1994a).

Different SODs have been genetically engineered into

plants to assess their potential capacities for enhancing

oxidative stress tolerance (Bowler et al. 1991, McKersie et

al. 1993, Slooten et al. 1995). The beneficial effects ob-

served in some of these transgenic plants could lead to

interesting agronomic applications. Overproduction of

Nicotiana plumbaginifolia MnSOD in alfalfa confers

resistance to freezing stress, whereas tobacco plants over-

producing the same construct confers visible ozone toler-

ance (Van Camp et al. 1994b, McKersie et al. 1996). During

in vitro generated oxidative stress (Van Camp et al. 1996),

plasma membranes and PSII were better protected in

transgenic tobacco plants overproducing Arabidopsis

thaliana FeSOD. To test the effect of SOD in maize, we

produced transgenic maize lines overproducing Arabi-

dopsis thaliana FeSOD and assessed the performance of

these plants during oxidative stress.

Materials and methods

Plasmids—Plasmids used for maize transformation were
pUC19-derived vectors. pKA-4 contains the coding sequence of
the Fesod gene from Arabidopsis thaliana (Van Camp et al.
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516 Oxidative stress tolerance of transgenic maize

1990) under transcriptional control of the 35S promoter of the
cauliflower mosaic virus (CaMV) (Odell et al. 1985) and sequences
derived from the 5' untranslated region of the SS3.6 gene. The
SS3.6 gene encodes a small subunit of ribulose 1,5-bisphosphate
carboxylase from Pisum sativum. The Fesod-coding region was
translationally fused to the chloroplast transit peptide from the
pea ribulose-1,5-bisphosphate carboxylase (SS3.6 gene) (Cashmore
et al. 1983). The 3' untranslated region was derived from the T-
DNA gene 7(Velten and Schell 1985). pDEl 10 contains the coding
region of phosphinothricin acyltransferase from Streptomyces
hygroscopicus (bar gene) conferring resistance against phos-
phinothricin (Thompson et al. 1987) under control of the CaMV
35S promoter. The 3' untranslated region is derived from the
nopaline synthase gene (3'nos) (Depicker et al. 1982).

Production of transgenic maize lines overproducing Arabi-
dopsis thaliana FeSOD—Transgenic maize (Zea mays L.) plants
were generated by particle bombardment of type 1 callus derived
from immature zygotic embryos from a hybrid between inbred
lines H99 and Pa91 [(Pa91 xH99)xH99]. pKA-4 and pDEHO
plasmids were linearized with Xba\ and HindUl, respectively.
Expression of the bar gene in regenerated R<, plants was monitored
by a phosphinothricin treatment in a paint assay in the greenhouse
(De Block et al. 1987). Ninety-four independent lines were
produced. The presence and expression of the cotransformed
Fesod gene construct was tested by PCR analysis. Ninety percent
of the lines were cotransformed with the pKA-4 vector, of which
71 lines were tested for Fesod expression by RNA blot analysis.
Four lines had detectable A. thaliana Fesod transcript levels. Pri-
mary transformants were cross-pollinated with a wild-type plant
(H99). Segregation analysis was done by spraying 20 Ri seedlings
of each back-cross with phosphinothricin.

SOD activity gel assay—Soluble proteins were extracted from
maize leaves and assayed for SOD activity on native 10%" poly-
acrylamide gels using the in situ staining technique of Beauchamp
and Fridovich (1971), as previously described by Van Camp et al.
(1990). Incubation of the gels with KCN inactivated Cu/ZnSOD
isoforms; incubation with H2O2 inhibited FeSOD and Cu/ZnSOD
isoforms.

DNA gel blot analysis—Genomic DNA was extracted as de-
scribed by Dellaporta et al. (1983). Genomic DNA was digested
with the appropriate restriction enzymes, run on a 1% agarose gel,
transferred to nylon Hybond-N+ membranes (Amersham, Ay-
lesbury, U.K.), and hybridized with 32P-radioactive probes that
were labelled with Megaprime (Amersham) or T7 Quick Prime
(Pharmacia, Uppsala, Sweden).

Growth conditions in stress assessments—Seeds were steri-
lized with 0.2% HgCl2 for 2 min, rinsed with distilled water, and
sown on moistened vermiculite. After 5 d of germination in the
dark at room temperature, seedlings with a root of 5-7 cm and a
hypocotyl of 1-2 cm were transferred to pots containing a bottom
layer of 3 cm vermiculite and a 6-cm thick layer of soil. The soil
consisted of 45% white peat, 45% black peat, and 5% sand, and
was enriched with fertilizer containing trace elements. The plant-
lets were kept for 4 d at room temperature, shielded from direct
sunlight, and were then transferred (at day 0) to the growth
chamber (SANYO Gallenkamp, Loughborough, U.K.). From
that day on, the plants were watered with a full-strength Hoagland
solution (Hoagland and Arnon 1938), except that ammonium
phosphate was replaced by 1 mM K2HPO4. In the growth cham-
ber, the plants were grown in a 16-h light/8-h dark cycle at ap-
proximately 90% relative humidity, and at day/night tempera-
tures of either 17/15°C or 25/22°C. The light intensity was 1.6
^ m o l m " 2 s " ' during the first 0.5 h ("dawn"), 900^molm~2s~'

during the next 15 h ("day"), and again 1.6 /^mol m 2 s ' during
the last 0.5 h ("dusk"). The dawn and dusk light was provided by
incandescent lamps, and the daylight by fluorescent tubes. The
pots were shifted around every day in the growth chamber to
avoid adaptation of the plants to local differences in temperature
or light intensity.

Methyl viologen tolerance leaf disc assays—Leaf discs from
the third leaf were incubated overnight in the dark at room tem-
perature with water or an aqueous solution of methyl viologen
(MV). The discs were then illuminated for 2 h at 30,umolm~2

s"1 provided by cool-white fluorescent tubes, and were subse-
quently dark-incubated for another 20 h at 28°C. The MV-de-
pendent oxygen radical damage was estimated firstly from ion
leakage out of the leaf discs due to destruction of membrane
lipids. Ion leakage was measured as an increase in the conductance
of the floating solution. As a measure of the MV-dependent
decrease in activity of the reaction center of PSII, the variable
chlorophyll fluorescence ratio Fv/Fmax was used. This ratio gave
the exciton trapping efficiency when all photochemical traps were
open (Genty et al. 1989). The fluorescence measurements were
made with a PAM fluorometer (Walz, Effeltrich, Germany). The
average values of three to four leaf discs at each MV concentra-
tion (including zero) were used to calculate the MV-induced in-
crease in conductance of the floating solution or the MV-induced
decrease in Fv/Fmax.

Results

Transgenic maize lines with enhanced FeSOD

activity—Presence of transgenic FeSOD in chloroplasts

enhances the oxidative stress tolerance in transgenic

tobacco plants (Van Camp et al. 1996). To test the pro-

tective effect of FeSOD in maize, we made a chimeric gene

construct in which the A. thaliana Fesod-coding region was

fused in frame with the chloroplast transit peptide of a

small subunit of a pea ribulose-l,5-bisphosphate carboxylase

(Cashmore et al. 1983). This chloroplast transit peptide (tp)

directed effectively recombinant proteins in maize chlo-

roplasts (Van Breusegem et al. 1998). The cassette was

under transcriptional control of the CaMV 35S promoter

(Odell et al. 1985). Maize type 1 callus was transformed

with plasmids pKA-4 and pDEHO that contained CaMV35S-

tp-Fesod and CaMV35S-£ar, respectively (Fig. 1; Materials

and Methods).

One hundred and ten plants were regenerated from

phosphinothricin (PPT)-resistant calli and transferred

to the greenhouse. These plants were subsequently re-

screened for expression of the bar gene by a herbicide

treatment in the greenhouse. Ninety-four Ro PPT-resistant

transgenic lines were tested for the presence of the Fesod

gene construct by PCR. As 82 plants scored positively for

the presence of the transgene, 90% frequency of cotrans-

formation was found. Seventy-one plants were tested for

Fesod expression by RNA gel blot analysis. Transgenic

transcript could only be found in four plants originating

from independent transformation events. These four lines

(denominated FES1 to FES4) were back-crossed with line

H99 and produced seeds.
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Hindlll EcoRI Xbal

35Sp tp FeSOO 3'g7

Hindlll

I—

bla

EcoRI Ncol

p35S3 bar 3'nos

pKA-4

pDE110

Fig. 1 Schematic presentation of the constructs used for
overexpression of Arabidopsis thaliana Fesod in transgenic maize.
Plasmid pKA-4 contains the Arabidopsis thaliana Fesod cDNA
fused to the N-terminal chloroplast transit peptide (tp) from a pea
small subunit of ribulose-l,5-bisphosphate carboxylase (Van
Camp et al. 1996). Plasmid pDEHO contains the bar gene as a
selectable marker. Both cassettes are flanked at the 5' end by a
CaMV 35S promoter (35Sp; p35S3) and at the 3' end by poly-
adenylation signals of the T-DNA gene 7 (3'g 7) or the nopaline
synthase gene (3'nos). The bla gene codes for /Mactamase, which
provides ampicillin resistance.

All four back-crossed lines were assayed for extra

transgenic FeSOD activity. Figure 2 shows the SOD band-

ing pattern on a non-denaturing gel of leaf extracts from a

wild-type and a transgenic plant from lines FES1 and

FES2. The gels were stained in the absence or presence of

KCN. In leaf extracts of non-transgenic plants, four bands

(MnSOD and Cu/ZnSOD) were observed. In FES2 leaf

extracts, a clear extra SOD activity band was present. This

SOD activity was resistant to KCN and sensitive to H2O2

and is, therefore, an FeSOD isoform. In FES1, lower

amounts, almost undetectable, of transgenic FeSOD were

present. Unfortunately, in the line with the highest trans-

TOTAL KCN TOTAL KCN

Fig. 2 Characteristics of Arabidopsis thaliana FeSOD in leaves
of transgenic maize. SOD isozyme patterns of protein extracts
from wild-type and transgenic maize plants overproducing
Arabidopsis thaliana FeSOD. The non-denaturing polyacryl-
amide gel was loaded with 50 ng protein per slot and negatively
stained with riboflavine-nitroblue tetrazolium. Samples were
taken of leaf 4 after 26 d of growth at 17/15°C of a transgenic
(TG) and wild-type plant (WT), originating from lines FES1 and
FES2. An arrow indicates the transgenic FeSOD activity.

gene expression levels (FES4), the transgene was not in-

herited. In FES3, no FeSOD activity could be detected,

despite the presence of the transgene. The two transgenic

lines (FES1 and FES2), which had detectable levels of

transgenic FeSOD activity, were used for further evalua-

tion.

Transgenic Ri plants were back-crossed with the

parental line H99 to obtain R2 seed stocks. Figure 3

presents a DNA gel blot analysis of R2 plants (H99 x

(FES x H99)) of FES1 and FES2, digested with Hindlll/

EcoRI, which releases the Fesod-coding region plus the 3'

g7 region, and hybridized with a coding region fragment

from the Arabidopsis thaliana Fesod cDNA. FES1 and

FES2 R2 plants have simple integration patterns: FES1 had

one hybridizing 1.2-kb band that corresponded to the in-

tact Fesod fragment. FES2 had two larger weakly hybrid-

izing bands. When hybridizing the same filters with a bar

probe, again a simple integration pattern was observed in

the two lines. By using other restriction digests and gene-

specific probes (data not shown) we could conclude that

FES2 R2 progeny plants contained two copies of both the

Fesod and bar gene. One set of gene constructs was intact

and the other was probably truncated and/or rearranged.

FES1 Ri progeny plants had one intact copy of both the

kb

14.00 _
11.50" ~

5.10
4.70
4.50

2.80-
2.60
2.40-
2.10 - .
2.00 -
1.70-

1.20 _

1.10 "

0.80 -

0.50 -
0.46-

FeSOD bar

Fig. 3 Integration patterns of the Fesod and bar gene constructs
in transgenic maize lines. Genomic DNA of R2 transgenic maize
lines was digested with Hindlll/EcoRl and hybridized with a
994-bp "P-labelled //mdlll-BamHI fragment of the Fesod cDNA
or a 546-bp 32P-labelled Ncol-BgHl bar fragment.
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518 Oxidative stress tolerance of transgenic maize

bar and Fesod gene and one truncated copy of the bar

gene.

Growth characteristics and oxidative stress tolerance

of transgenic and wild-type plants—Different R2 seed lots

from line FES1 [H99x (FES1 xH99)] and line FES2

[(FES2 x H99) x H99] were generated by back-crossing

transgenic Ri plants with the parental line H99. Conse-

quently, in each seed lot, half of the plants were heterozy-

gous for the transgenes, whereas the other half did not

possess the transgenes. These segregating populations were

used in each of the following experiments with the wild-

type plants as negative internal controls. Approximately,

20 wild-type and 20 transgenic plants were used in each

experiment. Plants of the two lines were grown at day/

night temperatures of either 25/22°C or 17/15°C. Plant

growth characteristics were followed and oxidative stress

tolerance was assessed with an in vitro leaf disc MV assay

(see Materials and Methods). Because most of the damage

is light dependent (Slooten et al. 1995; data not shown), the

oxidative damage caused by MV, which is a PSI electron

acceptor, is mainly found in the chloroplasts, presumably

in the vicinity of PSI.

Leaf discs of transgenic plants have an increased MV

tolerance—Figure 4A presents the MV tolerance of trans-

genic plants from line FES2 (seed lot FES2.3) when grown

at 25/22°C. Leaf discs from the third leaf of transgenic

plants suffered less inactivation of PSII and less ion leakage

than those from wild-type plants, as indicated by 'Py/'Fma

and conductivity measurements, respectively. These results

indicate that transgenic plants were slightly more tolerant

to MV than wild-type plants. Similar results were obtained

when plants were continuously grown at 17/15°C (Fig.4B).

MV tolerance measurements were done with one seed

lot from FES1 and with three independent seed lots from

FES2. The results are summarized in Figure 5. Plants

grown at 25/22°C were more tolerant to MV than plants

grown at 17/15°C. To compensate for this effect, the

results obtained with 0.9//M MV in plants grown at 25/

22°C (Fig. 5A, B) were compared with data obtained at 0.6

fiM MV in plants grown at 17/15°C (Fig. 5C, D). After

growth at 25/22°C, transgenic plants showed on average

an enhanced MV tolerance, as compared with wild-type

plants, in all seed lots of FES2 (Fig. 5A, B). This was ob-

served in the conductivity measurements (Fig. 5A), as well

as in the fluorescence measurements (Fig. 5B). At 17/

15°C, the results were less consistent in this respect

X

F
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0.8

0.6

0.4

0.2

0.0

A

25/22°C

0.0

B

0.3 0.6 0.9

liMMV

Fig. 4 MV tolerance of FES2. Plants from seed lot FES2.3 were grown at 25/22°C or 17/15°C. Mean±SE. Left panels: F^F,™* in
leaf discs from the third leaf, after treatment of leaf discs with the indicated concentration of MV (three leaf discs per plant were used
for each MV concentration). Right panels: conductivity of the floating solution after treatment of leaf discs with the indicated con-
centration of MV. Conductivity is expressed in yuS cm"1 (35 mgFW)~'. (A) Plants grown at 25/22°C. n=22 for wild-type plants (open
symbols), n=23 for transgenic plants (solid symbols). (B) Plants grown at 17/15°C. n=20 for wild-type plants, n=19 for transgenic
plants.
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FES1

15 ,

10-

1 5^
o
o

17/15°C

1

FES1

FES2.1 FES2.2 FES2.3

Seed lot

1

1

FES2.1 FES2.2 FES2.3

Seed lot

B

g 75-|

% 50-

c

25/22°C

FES1

FES1

FES2.1 FES2.2 FES2.3

Seed lot

FES2.1 FES2.2 FES2.3

Seed lot

Fig. 5 MV effects on wild-type (open bars) and transgenic plants (black bars) of two different FeSOD-producing lines (FES1 and FES2)
after growth at 25/22°C (panels A and B) or 17/15°C (panels C and D). Mean±SE. A, C, MV-induced increase in the conductivity
of the floating solution (in fiS cm~l (35 mg FW)"1). B, D, MV-induced decrease in Fv/Fn^, in percent of the Fv/Fmax measured without
MV. Results were obtained with 0.9 fiM MV (A, B) and 0.6 yuM MV (C, D).

(Fig. 5C, D): Only the second and third seed lot of FES2

showed an enhanced MV tolerance of transgenic plants

compared to that of controls, and in the FES2.2 this was

the case only in measurements of PSII activity (Fig. 5D). In

line FES1, enhancement of MV tolerance was not observed

(data not shown). This observation correlates with the

lower levels of transgenic FeSOD activity in line FES1

(Fig. 2).

Transgenic plants have better growth characteristics

—Figures 6 and 7 show the growth characteristics of line

FES2 grown at 25/22°C and 17/15°C. The transgenic

plants grew somewhat faster than wild-type plants as esti-

mated from the rate of leaf elongation (Fig. 6, 7A), the rate

of increase in total leaf length (Fig. 7B), the fresh weight of

the leaves at the time of harvest (Fig. 7C), and the fresh

weight of the whole plant at the time of harvest (Fig. 7D).

Growth measurements were done with all available

seed lots of the two lines at both control and chilling tem-

peratures. These growth data are summarized in Figure 8.

Transgenic plants from line FES2 grew slightly faster than

wild-type plants at control and chilling temperatures. In

this respect, the data on the summed leaf length at the time

of harvest and the fresh weight of the plants are in good

agreement. In line FES1, the growth rate between trans-

genic and wild-type plants was essentially the same.

FeSOD overproduction does not specifically enhance

chilling tolerance—The weight ratio (i.e., the ratio of the

weight of the plants grown at 17/15°C over that at 25/

22 °C) from the two lines is shown in Figure 9. In line

FES1, a seed lot (FES 1.2) that contained no transgenics

was included into the experiment. There was no significant

difference or tendency between transgenic and wild-type

plants with respect to the weight ratio. This suggests that

overexpression of Fesod does not specifically enhance

chilling tolerance, but provides the transgenic plants with

generally improved growth characteristics.

Differences between transgenic and wild-type plants

are highly significant in FES2—On average, transgenic

plants of line FES2 grew faster than wild-type plants in

all experiments; in this respect, there was no consistent

difference between the three seed lots (Fig. 8). Therefore, in

each growth experiment performed with FES2 we calcu-

lated the mean and SEM of the difference between trans-

genic and wild-type plants as well as the significance of the

difference, P, in a one sided t test. At either growth tem-

perature, we considered the experiments performed with

the three seed lots of FES2 as a series of three identical

repeats. Thus, we could use the statistic £
2
=2ITui, where

Uj= — In Pj, with P defined as above and the index i running

from 1 to n, with n the number of repeats. If there is no
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Fig. 6 Growth characteristics of FES2. Plants from seed lot FES2.3 were grown at 25/22°C. n = 22 for wild-type plants (open symbols,
open bars), n=23 for transgenic plants (closed symbols, black bars). Mean±SE. (A) Leaf elongation. Leaf numbers are indicated. (B)
Summed leaf length. (C) Fresh weight of the leaves at the time of harvest. (D) Fresh weight of the whole plant at the time of harvest.

significant difference between transgenic and wild-type

plants (i.e., when the average P value is 0.5), then the

sampling distribution of the statistics is approximated by

the x
2
 distribution with 2n degrees of freedom (Winer

1970). This approach allows one to calculate an overall

significance level for the observed differences. The results

are shown in Table 1.

Overall, transgenic plants derived from FES2 exhibit-

Table 1 Significance of the differences between trans-

genic and wild-type plants in FES2

Parameter

Fresh weight"

Summed leaf length *

F /F c

rv/i max

Conductivityc

Significance

25/22°C

>0.995

>0.995

>0.98

>0.97

17/15°C

NS

>0.90

NS

NS

" Of whole plants at the time of harvest.
* Summed leaf length at the time of harvest.
c In the presence of 0.9 or 0.6 fiM MV after growth at 25/22GC or
17/15°C, respectively.
NS, not significant.

ed better growth than control plants at 25/22°C; the

difference in growth characteristics (fresh weight and

summed leaf length at the time of harvest) was highly sig-

nificant. In addition, after growth at 25/22°C, transgenic

plants were overall significantly more tolerant to MV-in-

duced oxidative stress than wild-type plants. The protec-

tion was exerted at the level of PSII activity (as evidenced

from Fv/Fmax) and at the plasma membrane (reflected in the

ion leakage). By and large, similar tendencies were ob-

served after growth at 17/15°C, but the differences between

transgenic and wild-type plants were not significant, either

in individual seed lots or overall.

In line FES1, no significant differences between trans-

genic and wild-type plants was observed in any of these

characteristics irrespective of the growth regime (data not

shown).

Discussion

A wide variety of environmental stresses cause the

production of AOS within plants. Tolerance toward oxi-

dative stress has been correlated with enhanced levels of

SODs in plants. Transgenic plants overproducing SODs

show in most cases enhanced tolerance toward the ex-

perienced stresses (Bowler et al. 1991, Sen Gupta et al.
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Fig. 7 Growth characteristics of FES2. Plants from seed lot FES2.3 were grown at 17/15°C. n=20 for wild-type plants (open symbols,
open bars), n = 19 for transgenic plants (closed symbols, black bars). Mean±SE. (A) Leaf elongation. Leaf numbers are indicated. (B)
Summed leaf length. (C) Fresh weight of the leaves at the time of harvest. (D) Fresh weight of the whole plant at the time of harvest.

1993a, b, McKersie et al. 1993, 1996, Slooten et al. 1995,

Van Camp et al. 1996).

To enhance oxidative stress tolerance in maize, we

have generated transgenic maize lines that overproduce

Nicotiana plumbaginifolia MnSOD (Van Breusegem et al.

1999) and Arabidopsis thaliana FeSOD in the chloroplast.

By particle bombardment, transgenic maize plants were

generated. Despite the production of 82 independent pri-

mary transgenic maize plants containing both the Fesod

and bar transgenes, only two lines exhibited enhanced re-

combinant FeSOD activities. The same observation was

made when transforming maize with a similar vector con-

taining N. plumbaginifolia Mnsod (Van Breusegem et al.

1999). Extensive rearrangements of the gene constructs

during particle bombardment or cosuppression effects

could be responsible for the low amounts of primary

transformants highly overexpressing the transgene.

The two lines have different expression levels of the

A. thaliana Fesod transgene, both at the mRNA and ac-

tivity level. In agreement with the FeSOD activity levels,

increased growth rates or enhanced MV tolerance were

observed only in one line (FES2). Probably the engineered

FeSOD activity is not high enough in line FES1 to have a

pronounced beneficial effect on the growth or MV resist-

ance of the plants. Presumably the added activity does not

exceed the natural variation between the different plants.

The use of segregating populations of transgenic and

control plants enabled us to calculate, within each seed lot,

the difference between transgenic and control plants for

any given characteristic. In this way, we reduced the in-

fluence of the variability, which occurs from one seed lot

to another, on the significance of the difference between

transgenic and control plants. The transgenic plants in line

FES2 exhibited a significantly faster growth than wild-type

plants (as estimated from fresh weight and summed leaf

length determinations) and also a significantly enhanced

MV tolerance (Table 1).

In plants grown at 17/15°C, similar tendencies were
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Fig. 8 Summed leaf length (A and B) and plant fresh weight at the time of harvest (C and D) after growth at 25/22°C (A, C) or
17/15°C (B, D). Mean±SE. Open bars, wild-type plants; black bars, transgenic plants. In each case n = ±2 0 . Seed lot numbers are
indicated in the abscissa.

observed, but the differences were not statistically sig-

nificant either in individual seed lots or overall. With re-

gard to the growth data, the lack of significance was mainly

due to the fact that the errors on the examined charac-

teristics were larger in plants grown at 17/15°C than at

25/22°C (Fig. 8); in other words, the added cold stress in-

creased the variability during growth at 17/15°C. Similar

trends were observed with respect to the MV tolerance

data.

Line.seed lot

Fig. 9 Weight ratio (as defined in the text) of wild-type (open
bars) and transgenic plants (black bars) of two different Fesod-
expressing lines (FES1 and FES2).

There are some interesting differences between the

effects of overexpression of Fesod and Mnsod in plants.

Firstly, in tobacco, overproduced MnSOD protects the

plasmalemma, but not the PSII reaction center against

MV-induced oxidative damage (Slooten et al. 1995).

FeSOD overproduction protects both the plasmalemma

and the PSII reaction center against MV. These results,

based on conductivity and Fv/Fmax measurements, were

discussed in connection with a postulated difference in

suborganellar location between the overproduced MnSOD

and FeSOD. Because of their chloroplastic and mitochon-

drial origin, respectively, FeSOD and MnSOD might have

different properties. Van Camp et al. (1996) showed that in

tobacco the transgenic FeSOD is at least partially bound to

the chloroplast membrane, whereas transgenic MnSOD

behaves like a stromal enzyme. This differential subcellular

location might provoke different protective effects against

oxygen radicals. The major site of MV-induced oxygen

radical formation is located within the chloroplast mem-

brane in the Fe-S center B in PSI (Fujii et al. 1990), from

which the oxygen radicals may diffuse along or within the

membrane to the PSII reaction center (resulting in a

decrease of Fy/FmaJ or alternatively through the stroma to

the cell membrane (resulting in an increased ion leakage).

Transgenic FeSOD may be able to bind electrostatically to

the membrane in the vicinity of the site of radical produc-
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tion. In this way it would prevent the spreading of the

radicals, and hence it would protect both PSII and the cell

membrane against damage. Stromal MnSOD would not be

able to scavenge the radicals that are diffusing through the

stroma and, hence, only show a protection against ion

leakage (Van Camp et al. 1996). The data obtained in

transgenic maize with overproduced Mnsod (Van Breuse-

gem et al. 1999) and FeSOD are very similar to those ob-

tained in tobacco with the same Mnsod and Fesod gene

constructs, respectively.
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