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A B S T R A C T

Low temperature stress is one of the major factors for damage in plants, especially in food crops. Cu/Zn su-
peroxide dismutase plays an important role in the processes of scavenging reactive oxygen species (ROS) caused
by environmental stresses. In order to study transgenic potato plants whether improved tolerance to low tem-
perature, in this research, StSOD1 gene was overexpressed under the control of CaMV 35S promoter through
Agrobacterium tumefaciens-mediated transformation in potato. The results showed that after 4 °C treatment for 48
h, superoxide dismutase (SOD) activity of the transgenic potato lines (OE lines) overexpressing StSOD1 was 1.38-
fold enhanced compared to the non-transgenic plants (NT lines). On the other hand, the activity of the transgenic
potato lines (RNAi lines) that inhibiting expression of StSOD1 decreased compared with NT lines. In addition, the
effect of increased SOD activity on lipid peroxidation was determined by measuring malondialdehyde (MDA)
contents in plants during cold treatment. The result showed that MDA content increased by 2.02-fold and 1.78-
fold in NT lines and RNAi lines after 4 °C treatment for 48 h, respectively. In contrast, the OE lines showed only
small changes and were lower than the NT lines. Meanwhile, the activity of peroxidase (POD) and catalase (CAT)
were also enhanced in OE lines compared with NT lines after cold treatment. Through observing the phenotype,
importantly, this research found that the leaves of NT lines and RNAi lines have wilted severely while the OE
lines were slightly affected. In all, these results indicated that genetic engineering technology could be used to
regulate the antioxidant enzymes activity in plants to improve tolerance to cold stress.

1. Introduction

ROS (Reactive oxygen species), which include superoxide (O2·−),
hydrogen peroxide (H2O2) and hydroxyl radical (·HO) (Ron, 2002), are
produced by the cellular metabolism in response to environment
stresses (Saed-Moucheshi et al., 2014). At high concentrations, these
active molecules can damage proteins, nucleic acids and lipids inside
cells as well as cell membrane (Ajay et al., 2002; Apel and Hirt, 2004;
Gill and Tuteja, 2010; Maksymiec, 2007), causing metabolic disorders.
Therefore, plants have been evolved a complete set of antioxidant
system and defense mechanism to reduce or even eliminate those da-
mage caused by ROS under stress condition like drought, salinity, heavy
mental and extreme temperature during evolution (Yousuf et al., 2012).
Antioxidant system includes some antioxidant enzymes such as super-
oxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
peroxidase (POD), and some non-enzymatic molecules such as vitamin
A, vitamin C, ascorbate and glutathione. SOD plays a key role in the
process of eliminating ROS among those antioxidant enzymes (Masaru

et al., 2002). It can convert the superoxide anion radical into hydrogen
peroxide(H2O2), then the H2O2 is decomposed to water and oxygen by
CAT、APX and AsA-Glu circulatory system (Azra et al., 2013), thereby
removing the toxic effect of ROS. In all, SOD plays very important roles
in protecting the plant cells structure, proteins, nucleic acids and
membrane system from damaging effect of ROS. Three different types
of SOD has been identified in plants, including iron SOD, manganese
SOD and copper-zinc SOD (Cu/Zn SOD), which are classified by the
differences in covalently linked catalytic metal ions and cellular loca-
tion (Mahanty et al., 2012). Mn-SOD, Fe-SOD mainly located in the
mitochondria and chloroplast respectively, while Cu-Zn SOD is found in
the cytosol and in chloroplasts (Igor et al., 2002; Zambounis et al.,
2002).

In recent years, with the increasingly aggravated global warming,
the extreme weather was arose more frequently. The environmental
stress has increasingly become one of the important factors to influence
the growth of plants, such as salinity, drought, high temperature,
chilling and heavy metal (Jahnke et al., 1999; Janas et al., 2010; Yu and
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Rengel, 1999; Zhang et al., 2010). Some studies confirmed that salt
stress can induce increase of total SOD activity while other research
found no changes or opposite tendency of total SOD activity. For ex-
ample, SOD activity was increased in the leaves of Cicer arietinum, Beta
vulgaris, and Brassica juncea, while it was reduced in Vigna unguiculata
(Bor et al., 2003; Hernandez et al., 2006; Kumar et al., 2013; Rasool
et al., 2012; Sunita et al., 2008). These results indicated that SOD ac-
tivity was influenced by several conditions, depending on plant species,
growing stage and plant organs used for measurement. When plants
suffered drought, a decline of CO2 fixation would arises because of
abscisic acid controlled stomatal closure, which will cause the decrease
in photosynthetic activity and morphological disorders (Alexieva et al.,
2001). The SOD activity and its isoforms was increased in the leaves of
Olea europaea (Doupis et al., 2013). But in Gossypium and two grasses
(Festuca arundinacea and Poa pratensis), the SOD activity of leaves was
first elevated then diminished (Deeba et al., 2012).

Potato (Solanum tuberosum L.) is a vital crop with high nutrition
value and high yield. It adopts well in the cool environment, but can’t
resist the frost. Potato seedlings will suffer the chilling injury at the
temperature ranges of -0.5 to -0.8 °C and freezing damage at−2 °C, and
it will die at -4 °C (Hancock et al., 2014). Low temperature damage is
gradually becoming one of the important element affecting the plant
development and geographical distribution, to some degree also influ-
ence the yield of crops (Sato et al., 2011). There are some researches
concentrated on the transgenic potato tolerance to oxidative stress like
methyl viologen (MV), drought, and high temperature. Tang et al.
(2006) studied the performance of the transgenic potato plants under
high temperature. Firstly, they obtained the transgenic potato plant
(TPP) overexpressing the StAPX and StSOD in chloroplast, and then
found that the photosynthetic activity of TPP plants decreased by 6%,
whereas NT plants decreased by 29% under high temperature. They
also found that the TPP plants showed higher tolerance to 250 μM MV
compared with NT plants (Tang et al., 2006). Kim et al. (2007) obtained
the transgenic potato plants overexpressing SOD gene and found that it
significantly affected the growth and shape of tubers (Kim et al., 2007).
But the research of transgenic potato plants overexpressing StSOD tol-
erant to low temperature have not reported.

In the present study, we constructed the overexpression vector
pBI12-SOD1 and interfering-expression vector pHellsgate8-SOD1, re-
spectively, and further obtained the transgenic potato plant lines by
Agrobacterium-mediated transformation. These plants lines were sub-
jected cold treatment when plants grown to two month in pot to ex-
amine whether there is a correlation between the expression of StSOD1
and cold tolerance. The antioxidant enzymes activity and lipid perox-
idation in plants exposed to cold treatment were determined and
compared in the transgenic and non-transgenic (NT) potato plants.

2. Materials and methods

2.1. Plant materials and growth conditions

Potato (Solanum tuberosum L.) cultivar ‘Gannongshu 2’ was used as
the experiment materials. Potato tuber plantlets, which were provided
Gansu Provincial Key Laboratory of Aridland Crop Science of Gansu
Agricultural University, were grown on the MS media containing 3%
sucrose and 0.45% agar, and cultured under photoperiod 16 h/d, tem-
perature (25 ± 2) °C and 2000 lx light intensity. After a month growth,
the plantlets were placed in MS media containing 8% sucrose and
0.45% agar to induce the microtubers under dark conditions at
(25 ± 2) °C. The microtubers were used for the further potato trans-
formation experiments.

2.2. Construction of plant expression vectors

The potato SOD1 sequence (GenBank accession ID: AF355460.1)
was obtained from NCBI database. The PCR primers was designed based

on the StSOD1 cDNA sequence using the online program NCBI-primers,
then added the appropriate restriction enzyme cutting sites Xba I, Sma I
and protection bases at the 5′ end of the gene cDNA sequence to form
the overexpression fragment’s primers. Furthermore, added the attb
joint sequence at the 5′ end of RNA interference primers to design the
interfering-expression fragment’s primers (Tabel 1). The primers were
synthesized by Shanghai Biological Engineering Co., Ltd. Then con-
structed expression vector pBI121-StSOD1 and pHellsgate8-StSOD1
respectively. The overexpression and RNA interfering-expression vec-
tors were driven by the constitutive CaMV 35S promoter. The re-
combinant vectors were transferred into Escherichia coli DH5α, and
analyzed through double enzymes digestion. Then, the vectors were
transformed into Agrobacterium tumefaciens LBA4404 using the freeze-
thaw method (Raviraja and Sridhar, 2007).

2.3. Potato transformation and identification of the transgenic plants

Potato transformation was performed using the Agrobacterium-
mediated method (Si et al., 2003). Microtubers were peeled and cut off
bud eye totally, then cut into 1–2mm thin slices. The tuber slices were
soaked in E. coli broth which contained vectors of pBI121-SOD1 and
pHellsgate8-SOD1, for 7min to make the slices were infected fully; after
infection, using the filter paper to suck dry tuber slices and then put it
into MS solid media to cultivate 48 h at 28 °C and dark conditions. After
co-cultivation, transferred the slices into differentiation media (MS+
0.2mg/L GA3 + 0.5mg/L 6-BA + 1mg/L IAA+2mg/L ZT+50mg/
L Kan + 500mg/L carbenicillin) and cultured at 25 °C and 2000 lx light
intensity. Taking 7 d for a cycle to replace fresh media for slices until
the new buds were grown from the center of tissue slices, then sheared
the bud and put it into the rooting medium (MS+75mg/L kanamycin
+200mg/L carbenicillin) for screening. After 2 weeks, some of the
buds have taken root and were tentatively considered to be the trans-
genic seedlings.

DNA was extracted from the transgenic plants using Plant Genomic
DNA Kit (Cat. No. DP315, TIANGEN) and the total DNA was used as the
template to perform PCR reaction, and the DNA from untransformed
potato plants was used as the negative control. Identification of the
transgenic plants was performed through a pair of primers designed for
neomycin phosphate transferase gene sequence (Table 1). The PCR
reaction conditions are as follows: Initial denaturation at 94 °C for
3min, followed by 35 cycles of 94 °C for 45 s, 60 °C for 45 s, and 72 °C
for 1min, finally at 72 °C for 10min, the resulting PCR amplicons were
resolved through the 1% agarose gel

2.4. Low temperature treatment

Four-week-old potato plants of the transgenic (OE and RNAi lines)
and NT plants were transplanted into pot and grown in greenhouse
under photoperiod 16 h/d (25 °C days and 22 °C nights). Two-month-
old plants were subject to low temperature treatment, namely the
plants with a uniform growth status were transferred to a chamber and
incubated at 4 °C for 0, 6, 12, 24, 36 and 48 h under weak light. The

Table 1
Primers sequence.

Primer Primers sequence (5’→3’)

StSOD1-F GCTCTAGACTAAGCCACTCAAGGGTGACC
StSOD1-R TCCCCCGGGAGACACCACCGTTAGTTGCTG
StSOD1i-F AAAAAGCAGGCTCACCATCCTCTTCACTCAAGATG
StSOD1i-R AGAAAGCTGGGTGATCATCAGGATCAGCATGAAC
attb GGGGACAAGTTTGTACAAAAAAGCAGGCT
NPT II-F: GCTATGACTGGGCACAACAG
NPT II-R: ATACCGTAAAGCACGAGGAA

Note: The single underlined section showed enzyme sites; the double under-
lined section showed the partial sequence of attb joint sequence.
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plant leaf samples were collected and quick-frozen in liquid nitrogen as
samples for further assays.

2.5. Assay of enzymes activity and MDA content

All the prepared samples were weighed 0.5 g and grinded in 5ml
phosphate buffer in ice bath, then homogenate was poured into cen-
trifuge tube and centrifuged at 10,000 rpm for 20min under 4 °C. The
activity of SOD, CAT and POD were measured by using the T-SOD assay
kit (Cat. No. A001-1), POD assay kit (Cat. No. A084-3) and CAT assay
kit (Cat. No. A007-1) produced by Nanjing Jianchen Bioengineering
Institute according to manufacturer’s instruction. Lipid peroxidation in
leaf tissues were measured in terms of malondialdehyde (MDA) content
in the samples according to method described by Mellacheruvu et al.
(2015).

2.6. qRT-PCR analysis of the transgenic potato plants

Relative expression level of StSOD1 was determined by qRT-PCR
assay, which was performed using the SuperReal PreMix Plus PCR Kit
(Cat. No. FP205-02, TIANGEN). The 20 μL reaction volume include
100 ng cDNA, 10 μL 2×SuperReal PreMix Plus, 0.6 μL each primer
(Table 2) and 0.4 μL 50×ROX Reference Dye. The PCR conditions
were 10min at 95 °C, 40 cycles of 95 °C for 10 s, 60 °C for 20 s. Using the
ef1a gene as the reference gene to normalize the expression level of
StSOD1, difference between each sample is calculated using the 2−ΔΔCT

method (Livak and Schmittgen, 2001). All samples were analyzed with
three biological replicates. Significance was analyzed using the statis-
tics software SPSS version 13.0.

2.7. Statistical analysis

All treatments had three replicates, and the entire experiment was
run three times over a period of 18 mo using the same facility with the
same methodology. One-way ANOVA was used to analyze using SPSS
program (version 17.0; SPSS Inc., 2008). Significant differences were
determined using the Duncan multiple range test at the 5% probability
level.

3. Results

3.1. Assay of MDA content and phenotype of plants

MDA content usually used as an indicator to reflect the degree of
lipid peroxidation of plants, which produced in the process of lipid
peroxidation. It can cause cross-linking polymerization of macro-
molecules such as proteins and nucleic acids, and is cytotoxic. The re-
sult from MDA content measurement after 48 h cold treatment showed
that there was no significant difference in MDA content between the
transgenic and NT lines at untreated control (Fig. 1). However, the NT
and RNAi lines showed a sharp increase after 6 h cold treatment, In
contrast, OE lines did not increase until 12 h treatment (Fig. 1). Im-
portantly, we found that the OE lines showed an increased MDA content
after 48 h cold treatment, but the increase still lower than NT lines.
(Fig. 1). In addition, compared to NT and OE lines, RNAi lines had
higher MDA content after cold treatment, which may be affected by the

repression of SOD expression. Those results revealed that over-
expressing StSOD1 can effectively reduce the MDA content and thereby
inhibited lipid peroxidation to protect potato plants form cold stresses.

Two-month-old plants were placed into a growth chamber at 4 °C
for 6 d to give a chilling treatment. We found that the leaves of NT and
RNAi lines have wilted severely while the OE lines were slightly af-
fected (Fig. 2). In addition, we found that the RNAi lines were heavily
affected by cold treatment.

3.2. SOD activity

SOD is an important antioxidant enzyme in organisms and is widely
distributed in various organisms such as animals, plants and micro-
organisms. Usually, the level of SOD in the plants means a visual in-
dicator of aging and death. Thus, it plays a vital role in the plant an-
tioxidant defense system which against ROS produced by various
stresses. To test whether the downregulation and overexpression of
StSOD1 transcript have effects on its enzymatic activity under cold
treatment, in this study, the SOD activity of OE and RNAi lines were
measured and compared to NT lines. The results showed that SOD ac-
tivity increased during the duration of cold treatment, with peak ac-
tivity at 48 h, which indicated SOD-mediated plant response against the
cold stress. Except for the 48 h timepoint, the SOD activity was sig-
nificantly higher in the OE lines compared to NT in the whole treat-
ment. (Fig. 3). Interestingly, the activity of SOD also significantly in-
creased in the RNAi lines after 36 h of cold treatment compared to the
control. In addition, we also found that there is a little increase in the
transgenic lines compared with NT lines at untreated control. But after
treatment, the SOD activity of OE lines have increased remarkably and
higher than NT lines (increased almost 1.38-fold), while RNAi lines
showed a decrease after treatment and lower than NT lines. This in-
dicated that overexpressing StSOD1 can contribute plants to better re-
sponse environment stresses (Fig. 3). In all, those results suggested that
the SOD activity can elevate by enhancing the expression of StSOD
using genetic engineering technology.

3.3. POD and CAT activity

CAT, an enzyme that catalyzes the decomposition of hydrogen
peroxide into oxygen and water, is present in the peroxisomes of cells. It
is a peroxidase-labeled enzyme that accounts for about 40% of the total
peroxidase enzyme. POD is widely distributed in plants and is an active
enzyme. It is related to respiration, photosynthesis and oxidation of
auxin, so it can be used as a physiological indicator of tissue aging. In
order to detect the changes of POD and CAT activities in plants of
overexpressing StSOD1, the activity of POD and CAT were also mea-
sured. Like SOD activity, the POD activity increased during the duration
of cold treatment, with peak activity at 48 h (Fig. 4). After 48 h cold
treatment, it showed increased in both the transgenic lines and NT lines

Table 2
qRT-PCR primers sequence.

Primer Primers sequence (5’→3’)

SOD1-F: CTGCATGTCAACAGGACCAC
SOD1-R: CCAATGATGGATTGTGAACC
ef1a-F: CAAGGATGACCCAGCCAAG
ef1a-R: TTCCTTACCTGAACGCCTGT

Fig. 1. Changes in MDA content of the transgenic and NT lines during cold
treatment. The vertical bars represent the standard deviation of three individual
experiments. Data means ± SD of three replicates, means without a common
letter indicate significantly difference values (P < 0.05).
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compared to untreated control. Furthermore, OE lines showed re-
markable higher activity (almost 1.24-fold) compared to NT lines after
treatment, while RNAi lines lower than NT lines (Fig. 4). Similarly, we
also found that CAT activity increased when subjected to cold treat-
ment, whether the transgenic lines or the NT lines. But after 48 h, OE
lines have much higher CAT activity and evaluate 1.37 fold compared

with NT lines, while RNAi lines decreased a little than NT lines (Fig. 5).
Those results maybe indicate that other anti-oxidant enzymes activity
will also enhance to response abiotic stresses by cooperating with SOD
under low temperature treatment.

3.4. Relative expressional levels of StSOD1 gene of the transgenic plants
under cold stress

To analysis the changes of the transgenic plants against low tem-
perature treatment at the level of gene, in this study, qRT-PCR was
performed to determine the relative expression level of StSOD1 gene
under cold treatment, and further analyze the correlation between ROS
produce and expression of StSOD1 gene. The result of qRT-PCR analysis
demonstrated that the OE lines was up-regulated (1.38-fold) compared
to NT lines under cold treatment, while RNAi lines was down-regulated.
Moreover, Compared to untreated control, the relative expression of
StSOD1 gene was enhanced in both the transgenic lines and NT plants.
Interestingly, in the process of 48 h cold treatment, the expression of
StSOD1 gene was first decreased after 12 h cold treatment and then
enhanced gradually (Fig. 6), which coincided with changes of SOD
enzyme and further demonstrated that plants will regulate transcrip-
tional levels when subjected to cold stress, then further eliminate the
damages of ROS through enhancing antioxidant enzymes.

Fig. 2. Phenotypic changes of leaves in low temperature stressed (4 °C) two-month-old potato plants after 6 d treatment. NT: non-transgenic plants; OE: transgenic
potato plant of overexpressing StSOD1; RNAi: transgenic potato plant of interfering expression of StSOD1.

Fig. 3. Changes in SOD activity of OE, RNAi and NT plants during cold treat-
ment. Potato plants were grown one month under pot, then exposed to 4 °C for
0, 6, 12, 24, 36 and 48 h and leaves were taken for determination of SOD ac-
tivity. NT: non-transgenic plants; OE: transgenic potato plant of overexpressing
StSOD1; RNAi: transgenic potato plant of interfering expression of StSOD1. The
vertical bars represent the standard deviation of three individual experiments.
Data means ± SD of three replicates, means without a common letter indicate
significantly difference values (P < 0.05).

Fig. 4. Changes in POD activity of OE, RNAi and NT plants during cold treat-
ment. One month potato plantlets were exposed 4 °C for five phase then de-
termined POD activity. The vertical bars represent the standard deviation of
three individual experiments. Data means ± SD of three replicates, means
without a common letter indicate significantly difference values (P < 0.05).

Fig. 5. Changes in CAT activity of OE, RNAi and NT lines during cold treat-
ment. The vertical bars represent the standard deviation of three individual
experiments. Data means ± SD of three replicates, means without a common
letter indicate significantly difference values (P < 0.05).
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4. Discussion

ROS was implicated in abiotic and biotic stresses, and the electron
transfer chain in chloroplast of plants has been considered the place of
producing considerable ROS (Prasad and Stewart, 2001). When sub-
jected to stress, the plant will produce a large amount of ROS, which
causes serious damage to the plant cells. Once the concentration of ROS
exceeds the threshold, the plant begins to activate the antioxidant en-
zyme system. First of all, the ROS is decomposed into hydrogen per-
oxide and oxygen by SOD, and then the hydrogen peroxide is decom-
posed into water and oxygen by CAT and POD, thereby eliminating the
toxic ROS. In this study, the StSOD1 was over-expressed through ge-
netic engineering technology to study the ability of transgenic potato to
resist low temperature stress. There is clear evidence that ROS will
result in lipid peroxidation. Okuda et al. reported that chilling stress
double increased MDA content in wheat leaves (Tohru et al., 1991).
Similarly, there was four-fold increase in maize seedlings during 4 °C
treatment (Prasad et al., 1994). In our study, the NT lines showed a
2.02-fold elevation of MDA content while OE lines increased 1.3-fold
(Fig. 1). This indicated that cold stress would lead to lipid peroxidation
intensified but the transgenic plants can reduce the lipid peroxidation
and protect the cell form ROS damage. It is known that ROS can trigger
lipid peroxidation in cellular membrane (Cadenas, 1989; Halliwell and
Gutteridge, 1986). We found that the leaves of NT and RNAi lines were
wilted severely compared to OE lines (Fig. 6). All of these results in-
dicated that ROS-induced lipid peroxidation was, at least in part, re-
sponsible for increased cold sensitivity of crop plants.

There is clear evidence indicated that the total SOD activity was no
change in tolerant cultivars of tobacco and rice, whereas it significantly
decreased in the shoots or leaves of sensitive type of banana, tobacco
and rice (Mutlu et al., 2013; Sheng-chun et al., 2010). But in our study,
the total SOD activity was increased in potato plants under cold stress
and elevated 1.85-fold after 48 h cold treatment compared to untreated
control (Fig. 3).

It is interesting to ask the question of whether an increase of anti-
oxidant ability was contribute plants to withstand the low temperature
(Hodges, 2001). There was increasing evidence of a relationship be-
tween cold stress and antioxidant enzymes (Duan et al., 2012; Payton
et al., 2001; Wang et al., 2005). Cu/Zn SOD was strongly induced by
cold stress in cassava plants (Jia et al., 2014). In this study, we found
that the total SOD activities in plants was enhanced 1.39 fold in OE
lines compared to NT lines after 48 h at 4 °C treatment (Fig. 3). Ob-
viously, it is only a moderate increase, which is consistent with the
studies of Sen Gupta et al (Ashima et al., 1993). They found that
moderate increase of SOD activity can provide more effective protec-
tion from MV damage than high SOD levels. In fact, Elroy-Stein et al.
(1986) has already reported that moderate increase of Cu/Zn SOD ac-
tivity can resist MV stress in human and mouse cells but large increase

do not (Elroy-Stein et al., 1986). Since Cu/Zn SOD are sensitive to the
end-product (H2O2), it is possible that, when cells enhanced the Cu/Zn
SOD activity to response MV treatment, it will produce a burst of H2O2

that would deactivate the enzymes. Therefore, the elimination of end-
product H2O2 was very important to plants to resist stresses.

CAT and POD can decompose the H2O2 into water (H2O) and
oxygen (O2) (Asada, 1999). In our study, we found that both CAT and
POD activity were also enhanced under low temperature treatment
(Fig. 4,5). The results indicated that except SOD, the other antioxidant
enzymes like POD and CAT also plays positive effect to cooperate with
SOD to eliminate ROS to improve the plants cold resistance, which is
consistent with Xu et al. studies (Jia et al., 2014). They found that upon
chilling, the enzymatic activity of MDHAR, DHAR and GR in the ASC-
GSH cycle in the transgenic cassava was significantly increased. Fur-
thermore, in previous cassava cold transcriptome studies, the ROS
scavenging enzymes, especially SOD, CAT and glutathione-S-trans-
ferases (GSTs), were upregulated during 7 °C treatment in greenhouse
(An et al., 2012). It can be concluded, hence, that the antioxidant en-
zymes interact and cooperate with each other to reduce damages of
ROS caused by abiotic stress.

Development of genetic engineering plants by introducing or over-
expressing selective genes was seems the feasibility selection to produce
tolerant abiotic stress plants (Bhatnagar-Mathur et al., 2008). It has
been concerned a key role in protecting plants from various of oxidative
stresses that direct modification of SOD expression (Ghazi Hamid et al.,
2004; W. Van et al., 1997). The temperature stresses have different
effects on expression of SOD genes of wheat. Both low temperature and
high temperature can induce expression of Mn-SOD genes, but Cu/Zn-
SOD was only induced by low temperature (Guohai et al., 1999). In this
study, though qRT-PCR analysis, we found that the relative expression
of StSOD1 was significantly evaluated under low temperature and
nearly a 1.38-fold increase in OE lines compared to NT plants (Fig. 2).
The results confirmed that the SOD activity was regulated by the ex-
pression of SOD genes at the transcription level to a large extent.

To further analysis the correlation between SOD activity and ex-
pression of Cu/Zn SOD gene, we inhibited the expression of StSOD1
though the RNA interference technology. During cold treatment, we
observed that RNAi lines SOD activity gradually increased with the
treatment time increasing (Fig. 3), meanwhile, the relative expressional
level of StSOD1 gene of RNAi lines was not significantly reduced
(Fig. 6), indicating that the expression of StSOD gene in RNAi lines is
not completely restrained. In addition, POD and CAT activity were also
decreased in RNAi lines compared with NT plants during cold treatment
(Fig. 4,5). This result further suggested that the expression of StSOD1
had a remarkable effect on the activity of antioxidant enzymes under
response oxidative stress.

In conclusion, we successfully developed the transgenic potato
plants overexpressing and interfering-expressing StSOD1 under the low
temperature. The OE lines evaluated the activity of antioxidant enzyme,
especially SOD activity, and exhibited strong tolerance to low tem-
perature while RNAi and NT lines showed a decrease of SOD activity
and performed weak in response to low temperature. The result con-
firmed that the manipulation of ROS scavenging enzymes by genetic
engineering and consequently control the equilibrium of ROS produ-
cing and eliminating is an extremely effective means to obtain abiotic
stresses tolerant plants.
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Fig. 6. Expressional levels of StSOD1 gene between the transgenic and non-
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transgenic plants of interfering expression StSOD1. Data are means ± SD of
three biological replicates, means without a common letter indicate sig-
nificantly difference values (P < 0.05).
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