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Abstract Oxidative stress is a major damaging factor for
plants exposed to environmental stresses. In order to de-
velop transgenic potato plants with enhanced tolerance to
environmental stress, the genes of both Cu/Zn superox-
ide dismutase and ascorbate peroxidase were expressed
in chloroplasts under the control of an oxidative stress-
inducible SWPA2 promoter (referred to as SSA plants).
SSA plants showed enhanced tolerance to 250 µM methyl
viologen, and visible damage in SSA plants was one-fourth
that of non-transgenic (NT) plants that were almost de-
stroyed. In addition, when SSA plants were treated with
a high temperature of 42◦C for 20 h, the photosynthetic
activity of SSA plants decreased by only 6%, whereas
that of NT plants decreased by 29%. These results sug-
gest that the manipulation of the antioxidative mechanism
of the chloroplasts may be applied in the development of

Communicated by I. S. Chung

L. Tang · S.-Y. Kwon · S.-H. Kim · S.-S. Kwak · H.-S. Lee (�)
Environmental Biotechnology Research Center, Korea
Research Institute of Bioscience and Biotechnology (KRIBB),
Eoeun-dong 52, Yuseong, Daejeon 305-806, Korea
e-mail: hslee@kribb.re.kr
Tel.: +82-42-860-4439
Fax: +82-42-860-4608
e-mail: tangli70@hotmail.com
e-mail: sykwon@kribb.re.kr
e-mail: mongdal@kribb.re.kr
e-mail: sskwak@kribb.re.kr

J.-S. Kim · J. S. Choi · K. Y. Cho
Biofunction Research Team, Bioorganic Science Division,
Korea Research Institute of Chemical Technology (KRICT),
P.O. Box 107, Yuseong, Daejeon 305-600, Korea
e-mail: jskim@krict.re.kr
e-mail: jschoi@krict.re.kr
e-mail: kycho@krict.re.kr

L. Tang · C. K. Sung
Department of Food Biotechnology, Chungnam National
University, Yuseong,
Daejeon 305-348, Korea
e-mail: kchsung@cnu.ac.kr

industrial transgenic crop plants with increased tolerance
to multiple environmental stresses.

Keywords Antioxidant enzyme . Environmental stress .
Molecular breeding . Potato . Transgenic plant

Introduction

Oxygen is essential for the existence of aerobic life, but
toxic reactive oxygen species (ROS), which include the
superoxide anion radical (O2

−•), hydroxyl radical (OH·),
and hydrogen peroxide (H2O2), are generated in all aero-
bic cells during the processes of metabolism (Foyer et al.
1994; Asada 1999). Oxidative stress caused by these ROS
is one of the major damaging factors in plants exposed to
environmental stresses. The damaging effects of ROS have
caused plant cells to develop complex redox homeostatic
mechanisms to cope with oxidative stress by using ROS-
scavenging enzymes. These ROS-scavenging enzymes in-
clude superoxide dismutase (SOD), ascorbate peroxidase
(APX), peroxidase (POD), catalase (CAT), and low molec-
ular weight antioxidants such as ascorbic acid, glutathione,
and phenolic compounds (Noctor and Foyer 1998; Asada
1999).

The chloroplast, which is the compartment associated
with the high-energy photosynthetic electron transport sys-
tem and a generous supply of oxygen, is a rich source of
ROS (Asada 1999). Two key enzymes for ROS detoxifica-
tion in the chloroplast are SOD and APX. SOD catalyzes
the dismutation of two molecules of superoxide anion radi-
cal into oxygen and hydrogen peroxide. Utilizing ascorbate
as an electron donor, APX reduces hydrogen peroxide to
water. The formation of most toxic hydroxyl radicals by
superoxide anion radical and hydrogen peroxide can be
controlled by combinational reactions of both SOD and
APX. The water–water cycle has been proposed to explain
the role of these antioxidant mechanisms at the onset of
oxidative stress in chloroplasts (Asada 1999). The most
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important function of the water–water cycle is the rapid
scavenging of superoxide radicals and hydrogen peroxide
at the sites of their generation, prior to their interaction with
target molecules. To maintain the productivity of plants un-
der the stress conditions, it is possible to fortify the antiox-
idative mechanism of the chloroplasts by manipulating the
antioxidant enzymes present in chloroplasts. As we have
previously reported, transgenic tobacco plants expressing
both Cu/Zn SOD and APX in chloroplasts under the con-
trol of CaMV 35S promoter provided strong protection
to methyl viologen (MV)-induced oxidative stress (Kwon
et al. 2002).

Generally, a strong constitutive promoter, such as CaMV
35S promoter, is used for expression of foreign genes in
plants. The use of an inducible promoter which provides
a more precise regulation of expression might be use-
ful for the development of stress-tolerant plants (Yoshida
and Shinmyo 2000). We recently isolated a strong oxida-
tive stress-inducible POD (SWPA2) promoter from cultured
cells of sweetpotato and characterized its function in trans-
genic tobacco plants and cultured cells in terms of environ-
mental stresses (Kwak et al. 1995; Kim et al. 1999, 2003).
We anticipate that the SWPA2 promoter will be biotech-
nologically useful for the development of environmental
stress-tolerant transgenic plants.

The potato (Solanum tuberosum L.) is a major food crop
in many parts of the world and ranks fourth in world pro-
duction after wheat, maize, and rice (Ross 1986). To our
knowledge, many efforts have been made to increase the
pathogen resistance of potato plants, but few research stud-
ies have been conducted to improve its tolerance to en-
vironmental stresses using molecular breeding technology
(Perl et al. 1993; Jeong et al. 2001). Atlantic potato cul-
tivar is widely grown for making chips and French fries.
However, tubers may have internal brown spots or hollow
hearts under severe high-temperature conditions.

Previously, we have generated transgenic potato plants
expressing both Cu/Zn SOD (GenBank accession no.
AF170297; Lee et al. 1999) and APX (GenBank acces-
sion no. X62077; Allen et al. 1997) genes in chloroplasts
under the control of an oxidative stress-inducible SWPA2
promoter (Kim et al. 2003), referred to as SSA plants (Tang
et al. 2004). When leaf discs of SSA plants were subjected
to 10 µM MV, SSA plants showed the reduced visible dam-
age against MV-mediated oxidative stress compared to NT
plants at 36 h (Tang et al. 2004). Among 11 SSA plants,
SSA9 and SSA11 plants with high tolerance activity and
good growth were selected for further study. In this report,
we evaluated SSA plants for protection against in terms
of oxidative stress induced by MV and high-temperature
stress.

Materials and methods

Plant materials and growth conditions

Two transgenic potato lines (SSA9 and SSA11) with tol-
erance to methyl viologen (MV, 10 µM) at the level of

leaf discs (Tang et al. 2004) were used as plant materials.
Plants were propagated under sterile conditions in Petri
dishes containing MS (Murashige and Skoog 1962) basal
medium supplemented 100 mg L−1 kanamycin. Plants for
MV and heat tolerance assays were transferred in pots and
grown in a growth chamber under a 16-h photoperiod with
light intensity (100 µmol photons m−2 s−1), 60% (w/v)
relative humidity at 25◦C.

One chimeric gene construct, named pSSA-K, expressing
Cu/Zn SOD (Lee et al. 1999) and APX (Allen et al. 1997)
in chloroplasts using an oxidative stress-inducible SWPA2
promoter (Kim et al. 2003) was used for transformation
(Tang et al. 2004). The cDNA insert was fused at the trans-
lation initiation codon within the 5′ untranslated sequence
of the tobacco etch virus (TEV) that provided highly ef-
ficient translational initiation. For chloroplast-targeted ex-
pression, the tobacco Cu/Zn SOD transit peptide sequence
was translationally fused adjacent to the APX or SOD
cDNA in the transgene (Allen et al. 1997). The completed
chimeric gene cassette was inserted into the binary shuttle
vector, pCAMBIA2300, and mobilized to Agrobacterium
tumefaciens strain EHA105.

Methyl viologen (MV) treatment

MV (0, 150, 200, or 250 µM) dissolved in 0.1% (w/v)
Tween-20 solution was sprayed on the leaves of plants
grown in a greenhouse for 4 weeks using a spray booth
(Model SB-6; DeVries Manufacturing, Hollandale, MN,
USA). The MV solution (70 mL) was applied to five potato
plants using an 8001 VS type nozzle, 1.3 cm s−1, 0.22 MPa.
The tests for visible damage analysis by MV applications
were repeated in triplicate. The percentage of leaf dam-
age that appeared on the leaves after MV spraying was
evaluated at 5 days after treatment (0% indicated no dam-
age to the leaves; 100% meant fully damaged leaves). The
percentage of the dry weight of non-damaged leaf from the
first to fourth leaves of non-transgenic plants (NT) and SSA
plants at 5 days after MV spraying was measured on the
basis of the dry weight of untreated plants under the same
conditions. The chlorophyll contents were determined from
discs (1.3 cm in diameter) from central tissue of the fifth
leaves of plants at 5 days after MV spraying.

Reverse transcriptase-polymerase chain reaction
(RT-PCR)

For analysis of the transcriptional levels of Cu/Zn SOD and
APX genes, the fourth to fifth leaves from the top of both NT
and SSA plants sprayed with 150 µM MV were sampled
over a time period. All plant materials were immediately
frozen in liquid nitrogen and stored at −70◦C until further
experiments.

Total RNA was extracted from leaves of potato (NT, SSA)
plants with cetyltrimethylammonium bromide (CTAB)
method (Kim and Hamada 2005). Total RNA samples were
treated extensively with RNase-free DNase I to remove any
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contaminating genomic DNA. First-strand cDNA was then
synthesized using MMLV Reverse Transcriptase (Strata-
gene, USA, http://www.stratagene.com) from 1 µg of total
RNA in a 20 µL reaction volume, and 1 µL of the reaction
mixture was subjected to subsequent PCR in a 50 µL reac-
tion volume. Cu/Zn SOD (5′-GTG AAG GCT GAA GCT
GTT CTT-3′ and 5′-TCC TCG CAA ACC AAT AAT ACC
G-3′), APX (5′-GGA AAA TCT TAC CCA ACT GTT
A-3′ and 5′-GGC TTC AGC AAA TCC AAG CTC-3′),
and actin (5′-TGG ACT CTG GTG ATG GTG TC-3′ and
5′-CCT CCA ATC CAA ACA CTG TA-3′), were ampli-
fied using the indicated primers for 30 cycles according to
the following conditions for each cycle: 94◦C for 0.5 min,
58◦C for 0.5 min, and 72◦C for 1 min. This was followed
by a final cycle at 72◦C for 5 min to allow completion
of the polymerizations. Actin mRNA served as an internal
control.

High-temperature treatment

Four-week-old potato plants growing at 25◦C growth cham-
ber were transferred to a 42◦C growth chamber for 20 h. The
treated plants were transferred to normal conditions (25◦C,
100 µmol photons m−2 s−1) for recovery from the stress.
The tolerance in SSA plants treated with high-temperature
stress for 20 h was estimated as the percentage of initial
fresh weight that remains after 42◦C treatment.

Photosynthetic activity

The photosynthetic activity was estimated by chloro-
phyll fluorescence determination of photochemical yield
(Fv/Fm), which represented the maximum quantum yield
of photosystem II, using a portable chlorophyll flu-
orescence meter (Handy PEA, Hansatech, England,
http://www.hansatech-instruments.co.uk) after 30 min of
dark adaptation. Measurements were performed at room
temperature (25◦C) using saturating light flashes, on the
fifth leaves of plants determined at 0, 10, and 20 h after
high-temperature treatment.

Results

Enhanced tolerance to MV-mediated oxidative stress
in whole plants

To investigate oxidative stress tolerance, SSA and NT
plants were evaluated for visible damage 5 days after spray-
ing with solutions containing 0, 150, 200, or 250 µM
(Fig. 1). NT plants with 150 µM MV showed visible
damage on 18% of leaf area, while SSA plants showed
much less leaf damage (2–5%). Visible leaf damage on
NT plants became more severe with increased concen-
tration. When 200 and 250 µM MV treatment was ap-
plied, NT plants showed 53 and 60% damage, respectively,
whereas SSA11 plants exhibited only 10 and 17% leaf

Fig. 1 Differential visible damages in the leaves of NT and SSA
(SSA11) plants at 5 days after treatment with 0 (A), 150 (B), 200
(C), or 250 µM MV (D). NT, non-transgenic potato plants; SSA,
transgenic potato plants

damage (Fig. 2A). The young leaves of SSA plants re-
mained unaffected (Fig. 1). In addition to visible damage,
the effect of MV spray was also investigated at 5 days
post-MV treatment by determining the dry weight of non-
damaged leaf tissues from the first to fourth leaves. The
leaves of SSA plants appeared to have a stronger toler-
ance against MV-induced oxidative stress than NT plants
(Fig. 2B). At 150 and 200 µM MV treatment, no reduction
in the dry weight of SSA11 plants was detected, although
NT plants showed 26 and 50% reductions in dry weight
at 200 and 250 µM MV treatment, respectively. Chloro-
phyll contents were also evaluated in the central portion
of fifth leaves from the plants treated with MV at various
concentrations (Fig. 2C). There were no significant differ-
ences in chlorophyll content between NT and SSA plants
in untreated conditions. The chlorophyll contents of SSA
plants were not significantly affected by high MV concen-
tration (250 µM), but these were significantly reduced in



1383

0

20

40

60

80

100

120

052002051

R
el

at
iv

e 
dr

y 
w

t (
%

)
A

0

20

40

60

80

150 200 250

L
ea

f 
da

m
ag

e 
(%

) TN
9ASS
11ASS

B

0

10

20

30

40

50

2500020510
MV concentration (µM)

C
hl

or
op

hy
ll 

co
nt

en
t

C

Fig. 2 Effect of MV on the NT and SSA plants at 5 days after
treatment with 0, 150, 200, or 250 µM MV. A Quantitative estimate
of visible damage that appeared on leaves from NT and SSA plants.
B Relative dry weight of leaves from non-damaged parts in NT and
SSA plants. The percentage of dry weight was calculated on the basis
of the content of untreated plants (0 µM MV) under the same light
conditions. C The chlorophyll contents (mg·cm−2) in the fifth leaves.
Measurements were made on the central tissue (d = 1.3 cm) of the
fifth leaves from NT and SSA plants. Data are means ± SE of three
independent measurements. NT, non-transgenic potato plants; SSA,
transgenic potato plants

NT plants. When NT plants were treated with 150, 200,
or 250 µM MV, the chlorophyll contents were significantly
reduced to 32, 47, and 57% compared to the untreated NT
plants, respectively. However, SSA11 plants showed less
chlorophyll content loss following MV treatment, showing
96% chlorophyll content at 250 µM MV treatment.

To understand the tolerance mechanism in SSA plants
to MV-mediated oxidative stress, we investigated changes
in gene expression of introduced Cu/Zn SOD and APX
after 150 µM MV treatment with time course. As shown
in Fig. 3, gene expression of Cu/Zn SOD and APX was
induced at low level after 12 h of MV treatment and then

increased gradually until 72 h, after which a slight decrease
was observed. However, transcripts of Cu/Zn SOD and
APX genes were not detected in NT and non-treated SSA
plants. Interestingly, expression of those genes in SSA11
plants was higher than SSA9 plants. These results indicate
that SOD and APX transcript levels in SSA plants well
reflected tolerance to MV. In addition, the elevated SOD
and APX gene expression in SSA plants in response to
MV treatment markedly increased enhanced tolerance to
oxidative stress.

Enhanced tolerance to high temperature in whole
plants

When whole plants of SSA and NT were exposed to high
temperature at 42◦C for 20 h, NT plants were wilted from
heat shock after 10 h, whereas SSA plants appeared to re-
main healthy (Fig. 4A). The fresh weights in both NT and
SSA plants treated with heat stress for 20 h were measured
on the basis of the control plants grown at 25◦C (Fig. 4B).
NT plants showed a 32.7% decrease in fresh weight. How-
ever, SSA plants remained at similar fresh weights com-
pared with the SSA plants grown at 25◦C, showing only a
decrease of 1.5% (SSA11).

Using the fluorescence parameter (Fv/Fm), the photo-
synthetic activity was determined in the fifth leaf of each
plant (Fig. 4C). The Fv/Fm of NT plants was decreased by
14 and 29% at 10 and 20 h after high-temperature treat-
ment, respectively, while the activity from SSA plants only
decreased 4 and 6%. Furthermore, after 3 h of recovery
following heat stress, the Fv/Fm of SSA plants almost fully
recovered to the initial levels, while that of NT plants re-
mained low (data not shown).

Discussion

ROS has been implicated in a variety of environmental
stresses in plants and the chloroplast appears to be a main
location affected by conditions of stress in plant cells. The
protection of plants against ROS is achieved by partial sup-
pression of ROS production and scavenging of previously
produced ROS. Direct modification of the expression of
SOD or APX isoenzyme in chloroplasts has been assigned a
key role in the protection of plants against various oxidative
stresses (Van Camp et al. 1997; Badawi et al. 2004). How-
ever, some studies have found no protection from stress in
transgenic plants (Payton et al. 1997). These differences
are often attributed to the complexity of the ROS detoxi-
fication system, as changing one enzyme may not change
the capacity of the pathway as a whole. This suggests that
the expression of combinations of antioxidant enzymes in
transgenic plants might have synergistic effects on stress
tolerance. However, only a few reports have been conducted
to address scavenging systems expressing two enzymes in
the chloroplasts of higher plants (Aono et al. 1995; Allen
et al. 1997; Kwon et al. 2002).
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Fig. 3 RT-PCR analysis of the expression of Cu/Zn SOD and APX
genes in leaves from NT and SSA plants subjected to 150 µM MV
spray. Total RNA was extracted from leaves 12, 24, 36, 48, 72,
and 96 h after treatment with MV. First-strand cDNA synthesis and
PCR were performed according to the instructions of the manufac-

turer. Actin was used to control for equal loading. Reaction products
(10 µL) were analyzed by gel electrophoresis. NT, non-transgenic
potato plants; SSA, transgenic potato plants; C, non-treated SSA
plants

Since the transgene products affect a critical pathway
associated with stress tolerance, maintenance of redox po-
tential and cell signaling, a high level of activity of an intro-
duced transgene may cause too much disruption and lead
to a negative overall effect. In addition, under stress con-
ditions, ROS may act either as signals to induce protection
mechanisms or to accelerate injury (Dat et al. 2000). To al-
low for these different roles, cellular levels of ROS should
be tightly controlled. Thus an oxidative stress-inducible
SWPA2 promoter could be very useful for development of
stress-tolerant plants (Kim et al. 2003). Reduced expression
of foreign genes might avert losses in phenotypic perfor-
mance.

The present work describes transgenic potato plants (SSA
plants) expressing both Cu/Zn SOD and APX in chloro-
plasts under the control of SWPA2 promoter, and their
enhanced tolerance to oxidative stress induced by MV and
high temperature on the level of whole plants. Visible dam-
age of SSA plants was one-fifth that of NT plants at 5 days
after spraying at various concentrations of MV (Figs. 1 and
2). Chlorophyll contents in NT plants following MV spray
were dramatically decreased, but SSA plants retained their
initial chlorophyll levels. Therefore, we predicted that SSA
plants expressing transgenes for both SOD and APX could
show synergistic effects which lead to increased stress
tolerance. These results indicate that SSA plants expressing
both SOD and APX are able to rapidly scavenge superoxide
anion radicals and hydrogen peroxide at the site of genera-
tion, as well as prevent the formation of hydroxyl radicals,
the most toxic ROS, prior to their interaction with target
molecules. Similar results were observed in a few reports.
Following MV treatment, transgenic tobacco plants ex-
pressing both glutathione reductase (GR) and Cu/Zn SOD
in cytosol exhibited less damage than plants expressing
individual GR or Cu/Zn SOD transgenes (Aono et al. 1995).

Transgenic plants with elevated levels of chloroplast-
targeted antioxidant genes such as SOD, APX, or GR
have exhibited increased protection of oxidative stress (Sen
Gupta et al. 1993; Allen et al. 1997; Payton et al. 1997,
2001). In the SSA plants of this study, it seems that the

transcript levels of foreign Cu/Zn SOD and APX genes
were parallel to that of the tolerance to MV-induced oxida-
tive stress (Fig. 3). Elevated expression of foreign genes
in SSA plants could protect these plants from oxidative
toxicity. It is expected that Cu/Zn SOD and APX proteins
in SSA plants were also correctly targeted into chloroplast
because the sequence for transit peptide were same as that
of chimeric APX constructs (Allen et al. 1997). It is likely
that the sequential reactions of Cu/Zn SOD and APX in
chloroplasts of SSA plants may play an important role in
enhanced tolerance to MV-induced oxidative stress.

Next, we checked the effects of the SSA plants on the
tolerance to oxidative stress caused by high-temperature
stress. It was known that temperature fluctuations could
induce the formation of ROS. Potato plants, specially, cv.
Atlantic is sensitive to high temperature. NT plants were
wilted after 10 h of heat shock at 42◦C, whereas SSA plants
appeared to remain healthy (Fig. 4). Fluorescence mea-
surements (Fv/Fm) showed that photosynthesis of SSA was
transiently reduced during treatment at 42◦C, while in NT
plants the reduction was higher. There was increasing ev-
idence for considerable correlation between the responses
to heat stress and oxidative stress. There was also evidence
of a relationship between heat-induced oxidative stress and
expression of antioxidant enzymes in plants (Gong et al.
1998; Storozhenko et al. 1998). Cu/Zn SOD was strongly
induced by heat shock in cassava plants (Lee et al. 1999)
and even during the recovery period after heat stress at
37◦C in tobacco plants (Tsang et al. 1991). In transgenic
Arabidopsis plants overexpressing heat shock transcription
factor 3, APX activity was positively affected following
heat stress (Panchuk et al. 2002). This enzyme was present
in additional to thermolabile cytosolic APX1, the prevalent
isoform in unstressed cells. Here, our result demonstrated
that transgenic SSA plants expressing both SOD and APX
could lead to increased thermotolerance, confirming that
the roles of SOD and APX were related to high-temperature
stress.

In conclusion, we successfully developed SSA transgenic
potato plants expressing both SOD and APX in chloroplasts
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Fig. 4 Effects of high temperature (42◦C) on NT and SSA plants. A
Visible differential damages in the leaves of NT and SSA (SSA11)
plants at 20 h after treatment. B Fresh weight of plants at 20 h
after treatment. C Photosynthetic activity (Fv/Fm) in the leaves of
NT and SSA plants for 20 h after treatment. The percentage of fresh
weight was calculated on the basis of untreated plants grown at 25◦C.
Data are means ± SE of three independent measurements. NT, non-
transgenic potato plants; SSA, transgenic potato plants

under the control of an oxidative stress-inducible SWPA2
promoter. SSA potato plants exhibited a strong tolerance to
MV-mediated oxidative stress and high temperature. Fur-
ther characterization of SSA potato plants is under investi-
gation in terms of multiple stresses including drought and
salinity. The function of SOD and APX genes and the field
tests of these transgenic plants for the purposes of agri-
cultural cultivation remain to be conducted. To develop
transgenic potato plants with more enhanced tolerance to
multiple environmental stress, SSA plants will be further
transformed with other stress-tolerant genes, such as nu-

cleoside diphosphate kinase 2 (Moon et al. 2003) or per-
oredoxin (Jang et al. 2004), in cytosol in a gene-stacking
manner. In addition, SSA potato plants in this study could
be useful breeding materials for production of valuable
components in the tuber.
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