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To understand the antioxidant stress of transgenic sweet potato containing elevated Cu/Zn superoxide 
dismutase (Cu/Zn SOD) and ascorbate peroxidase (APX) in chloroplasts, we analyzed plant growth, 
yield, water status, photosynthetic activity and several antioxidant enzyme activities under drought and 
post-drought re-watering conditions. Three water stress regimes - no, moderate and severe water 
stress - were applied. Our results indicated that the number of transgenic plants (TS) was a function of 
water deficit and recovery period. Compared with non-transgenic plants (NS), the expression of 
antioxidant enzymes (SOD, APX and CAT) in transgenic plants was profoundly increased under drought 
stress and rewatering periods. Transgenic plants exhibited better growth, photosynthetic activity 
(Fv/Fm) and water status under drought stress, but tuberization was poor. Compared with NS plants, TS 
plants exhibited low levels of malondialdehyde (MDA) and electrolyte leakage (EL). In addition, TS 
plants recovered faster upon release from drought stress. These results showed that expression of 
Cu/Zn SOD and APX in chloroplasts of sweet potato enhanced drought resistance and capacity for 
recovery from drought stress. However, tuber formation in TS plants was constrained by drought 
stress. 
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INTRODUCTION 

 
Plants are often exposed to abiotic stresses such as 
salinity,  extremes  of  temperature,  ozone  and  drought,  
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Abbreviations: ROS, Reactive oxygen species; SOD, 
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transgenic plants; PEG, polyethylene glycol; RWC, relative 
water content; MDA, malondialdehyde; TBARS, 2-thiobarbituric 
acid-reactive substances; NBT, nitro blue tetrazolium; TS, 
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which reduces yields by up to 70% worldwide. Drought is 
one of the major environmental stresses limiting plant 
growth, and consequently, crop yield (Reddy et al., 2004). 

Acclimation of plants to drought is often associated with 
increased levels of reactive oxygen species (ROS), such 
as superoxide anion (O

2-
), hydrogen peroxide (H2O2), 

hydroxyl radical (HO
-
) and singlet oxygen (1O

2
). Exces-

sive levels of ROS can damage lipids, cellular structures 
and macromolecules, DNA and carbohydrates, while 
causing photoinhibition of photosynthetic apparatus; it 
can even lead to cell death if not scavenged well in the 
proper time (Sofo et al., 2005). Therefore, how to remove 
ROS becomes critical for plant growth and survival during 
stressful conditions (Sandermann, 2004). 



 
 
 
 

Plants have developed various mechanisms to cope 
with the oxidative stresses caused by unfavorable environ-
ments, such as modulating the expression of stress 
tolerance genes and synthesizing compatible solutes 
(Ahmad et al., 2010). Antioxidant defense systems are 
well know for scavenging ROS produced in different 
stressful conditions, such as activation of the antioxidant 
enzymes superoxide dismutase (SOD), ascorbate 
peroxidase (APX), catalase (CAT) and peroxidase (POD) 
(Allen et al., 1997; Kwon et al., 2002). The SOD converts 
superoxide radicals (O2

−.
) into hydrogen peroxide (H2O2). 

POD reduces H2O2 to water using various substrates as 
electron donors. APX uses ascorbate as an electron 
donor to reduce H2O2 to water. Also, CAT dismutates 
H2O2 into water and oxygen. Numerous studies demon-
strate that antioxidant defense system improves the 
relationship between enhanced or constitutive antioxidant 
enzyme activities and increased resistance to drought 
stress (Türkan et al., 2005). Previous studies showed that 
the over-expression of antioxidant genes resulted to 
enhanced tolerance of drought in transgenic plants (TS). 
However, drought tolerance is a complex trait that is 
influenced by coordinated expression of a network of 
genes (Xiao et al., 2007), which cannot be increased 
substantially by introducing any single gene, suggesting 
that over-expression of one enzyme may not alter the 
function of the entire antioxidant pathway. Previous 
studies also showed that simultaneous expression of 
antioxidant genes enhanced protection compared with 
single gene expression in transgenic plants (Zhou et al., 
2008). Kwon et al. (2002) demonstrated that simul-
taneous expression of Cu/Zn SOD and APX genes in 
tobacco chloroplasts enhanced tolerance to methyl 
viologen (MV) stress compared to expression of either of 
these genes alone. Subsequently, Tang et al., (2006) and 
Lee et al., (2007a) reached similar conclusions in 
transgenic potato and tall fescue. Simultaneous expres-
sion of choline oxidase (codA), superoxide dismutase 
(SOD) and ascorbate peroxidase (APX) in potato resulted 
to enhanced protection of these SSAC plants and lower 
levels of H2O2 compared with expression of both SOD 
and APX genes in SSA and non-transgenic plants (NS) 
after methyl viologen, drought and salt-mediated 
oxidative stress (Ahmad et al., 2010). 

  Sweet potato (Ipomoea batatas L.) is characterized by 
a simple sink and source relationship in the biomass 
production system, suggesting that the crop has two 
beneficial features: a quick yield during a short growth 
period and a stable productivity (Kubota, 2003). There-
fore, sweet potato is cultivated worldwide as a valuable 
source of food, animal feed and industrial raw material. 
Up to date, it is one of the most important food crops in 
many regions of the world, particularly in China, 
Indonesia, South Korea and Papua New Guinea, ranking 
fifth after wheat, maize, rice and potato (Fan et al., 2005). 
Although sweet potato is considered to be drought-
tolerance compared  with  other  crops,  long  and  severe  
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drought can significantly reduce productivity, especially 
tuber yield. The recent global warming tendency could 
accelerate, worldwide, the frequent occurrence of water 
deficit. Thus, it is crucial to develop crops with increased 
drought tolerance by gene transfer approaches. A 
number of attempts have shown the possibility for enhan-
ced tolerance to extreme environments through 
introduction of genes encoding antioxidant enzymes 
(Kasukabe et al., 2006). 

Transgenic sweet potato plants expressing both Cu/Zn 
SOD and APX genes in chloroplasts under the control of 
SWPA2 promoter enhanced tolerance of oxidative stress 
induced by MV and chilling (Lim et al., 2007). Li et al. 
(2006; 2007) used polyethylene glycol (PEG) in hydro-
ponics to test response of plants under a given osmotic 
potential and found that transgenic sweet potato plants 
showed increased tolerance of oxidative stress caused 
by PEG stress. However, we noticed that most of the 
previous reports focused on transgenic plants responses 
to oxidative stress during stressful conditions, and less 
has been done about the capacity of recovery from 
drought (Flexas et al., 2004). Furthermore, there is little 
understanding of the regulatory mechanisms of plant 
recovery from different water stress intensities 
(Kirschbaum, 1987). Therefore, further investigations are 
needed to elucidate the mechanisms of recovery from 
drought in the field, especially when an increased fre-
quency of drought events is predicted for the coming 
decades. This could also improve predictions about 
ecosystem productivity or better irrigation systems (Cai et 
al., 2005; Galle et al., 2007; Miyashita et al., 2005; Souza 
et al., 2004). 

In the present investigation, the potential role of 
antioxidant enzymes in enhancing tolerance to drought 
stress and recovery capacity of transgenic sweet potato 
was examined by analyzing enzymes (SOD, APX and 
CAT) activities. We also investigated the effects of 
drought on the basic parameters, including relative water 
content (RWC), chlorophyll fluorescence (Fv/Fm), malon-
dialdehyde (MDA) and leakage of electro (EL) in leaves 
of sweet potato.  
 
 
MATERIAL AND METHODS 

 
Non- transgenic sweet potato (Ipomoea batatas L. cv. Yulmi) and 
transgenic lines, over-expressing both of CuZnSOD and APX in 
chloroplasts (Kim et al., 2003; Li et al., 2004) were selected for the 
study. Construction of the expression vector is shown in Figure 1. 
Transgenic gene identification (isoenzyme analysis) and plant 
regeneration were done at Environmental Biotechnology Research 
Center, Korea Research Institute of Bioscience and Biotechnology 
(Lin et al., 2007); these were transplanted to water and soil. 
 
 

Experimental setup  
 
A pot experiment to evaluate drought tolerance and recovery 
capacity of transgenic and non- transgenic sweet potato lines was 
carried out  in  the  experimental  field  of  the  Institute  of  Soil  and  
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Figure 1. Construction of expression vector, TS SWPA2pro Sweet potato peroxidase (SWPA2) promoter. 
SOD =cassava CuZnSOD (mSOD1), APX = pea ascorbate peroxidase, TEV = tobacco etch virus 5’-
untranslated region, 35S = Ter CaMV 35s terminator, = TP chloroplast-targeted transit Peptide (Lim et al., 
2007). 

 
 
 
Water Conservation, Yangling Shaanxi, China, from 30th

 
May to 

15th September, 2007. Treatments were a factorial combination of 
three watering regimes – severe drought-stress (35% of the field 
water capacity), moderate drought-stress (60% of the field water 
capacity) and adequate water supply (control - 80% of the field 
water capacity) with transgenic and non- transgenic sweet potato 
lines; re-watering was done at the end of the growth phase. 
Treatments were arranged into a completely randomized design 
with three replications. Tip cuttings (4 to 5 cm long) of each cultivar 
were planted in 30 cm plastic pots containing 1/2 Hoagland 
solution, which was changed every 5 days. After rooting (about 15 
days), the plants were replanted in plastic pots (40/ 60/ 20 cm, 4 
pots per treatment, 2 plants per pot) with 12 kg soil mixture of 25% 
sand and 75% commercial soil. A total of 8.63 g fertilizer (2.8 g N: 
1.43 g P: 4.4 g K = 1:0.51:1.57) was added to each pot during the 
experiment.  

Containers of plant were covered with 50 g perlite in order to 
decrease evaporation from the soil surface. Plants were grown in a 
naturally lit greenhouse under semi-controlled environment 
(sheltered only from rainfall). Plants were allowed to grow for about 
a month before the drought stress was imposed (Lin et al., 2007). 
All pots were weighed and watered to maintain desired soil water 

conditions (80% ± 5, 60% ± 5, 35% ± 5 of field capacity, 
respectively) every day.  

Mature, healthy, fully expanded third, fourth and fifth leaves from 
96-day-old plants were sampled at three intensities of water stress 
and on the1st, 2nd, 3rd, 5th, 7th and 9th day of recovery. Sampling 
of control, stressed and recovered plants was done simultaneously. 
The plants were divided into leaf, stem, root and tuber and then 
oven-dried at 80°C to obtain dry weight. For the biochemical 
assays, the leaves were frozen in liquid nitrogen after measuring 
their fresh weight and stored at -80°C.  
 
 
Water relations 
 
Leaf water potential (ΨL) was measured using the pressure 
chamber (Model 3000, Santa Barbara, USA). All measurements of 
water potential were done between 6:30 and 7:30. Relative water 
content was measured according to the method of Smart and 
Bingham (1974) with some modifications. After fresh weight (W f) 
determination, leaves were floated on distilled water for 24 h, 
obtaining the turgid weight (W t). Dry weight (Wd) of leaves were 
determined after oven-drying at 80°C for 72 h; the RWC was 
determined using the formula:  
 
RWC (%) = (Wf -Wd) / (Wt-Wd) × 100 

 
 
Relative electrolyte leakage and lipid peroxidation 

 
Twelve leaf discs (1 cm in length) obtained by stiletto, were place in 
10 ml falcon tubes and then vacuumed for 30 min. Electrical con-

ductivity of the bathing solution (L1) was measured after incubation 
at 25°C under light for 30 min using a conductivity meter (Model 
DDS-307, USA). The tubes were then placed in a preheated 95°C 
water bath and incubated for 10 min. The solution was cooled to 
room temperature and the electrical conductivity (L2) was 
measured. Relative electrolyte leakage was calculated according to 
the following formula: 
 
EL = L1 / L2*100% 
 
Lipid peroxidation was estimated by measuring the content of 2-
thiobarbituric acid-reactive substances (TBARS) in 0.5 g leaf fresh 
weight according to Ozkur et al., (2009). Malondialdehyde (MDA) 
content was determined spectrophotometrically at A532 and correc-
ted for nonspecific turbidity at A600. 
 
 
Antioxidant enzymatic activity assays 
 
Sweet potato leaves were homogenized on ice with a mortar in a 
0.1 M potassium phosphate buffer (pH 7). The homogenate was 
centrifuged at 10000 g for 15 min at 4°C.The supernatant was used 
immediately for enzyme assays. SOD activity was determined by 
monitoring the photochemical reduction of nitro blue tetrazolium 
(NBT) spectrophotometrically at 560 nm (Giannopolitis and Ries, 
1977). Activity was expressed as unit min

-1
 g

-1
 fresh weight (FW). 

APX activity was also determined spectrophotometrically at 290 nm 
after the oxidation of ascorbate to dehydroascorbate (extinction 
coefficient of 2.8 Mm

-1
 cm

-1
), as described in Nakano and Asada 

(1981). The activity of APX was presented as mmol ascorbate 
oxidized unit min

-1
 g

-1
 FW. CAT activity was assayed according to 

the method described in Aebi (1984). The activity was determined 
by the decrease at 240 nm for 1 min due to H2O2 consumption. 
 
 
Photosynthetic activity 

 
The photosynthetic activity was estimated by chlorophyll fluore-
scence determination of photochemical yield (Fv/Fm), which repre-
sented the maximum quantum yield of photosystem II, using a 
portable PAM-2000 fluorometer (Walz-Effeltrich, Germany) after 30 
min of dark adaptation. Measurements were performed on the third 
leaves of three plants per treatment using saturating light flashes at 
0, 1, 2, 3, 5, 7 and 9 days of re-watering after drought treatment. 
Chlorophyll content in leaves was measured with SPAD-502. 
 
 
Data analysis 

 
The data were subjected to analysis of variance using the Statistical 
Analysis System (SAS) version 8.1; treatment means were 
compared using Duncan's multiple range tests at the 5% level of 
significance. 
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Table 1. Effect of moderate and severe drought on the growth of transgenic (TS) and non-transgenic (NS) sweet potato.  
 

Parameter 
Control Moderate stress (MS) Sever stress (SS) 

TS NS TS NS TS NS 

Branch (unit)  

Caulis (cm) 

Green leaf (unit) 

3.5 ± 0.50 

144.33 ± 5.85 

43.330 ± 4.04 

3.5 ± 0.70 

137.25 ± 7.13 

40.5 ± 3.87 

3.7 ± 0.47 

80.33 ± 3.39 

29.66 ± 4.11 

3.0 ± 1.15 

60.0 ± 5.59 

22.25 ± 5.05 

2.6 ± 0.57 

73.0 ± 4.24 

24.5 ± 3.7 

2.5 ± 0.57 

53.0 ± 6.05 

20.25 ± 2.62 
 

The data were collected from 106-day–old of plants. Plants growing in well-watered conditions served as control. Values are means ± 
SD of three replicates.  

 
 
 

RESULTS  
 
Plant growth response to drought stress 
 
The growth of TS and NS plants was not different under 
well-watered conditions, showing that the introduction of 
both Cu/Zn SOD and APX had little effect on plant growth 
under normal conditions (Table 1). Moderate drought 
slightly increased branching in TS plants (3.7) and 
decreased same in NS plants (3.0) as compared to well 
watered plants (3.5). Both TS and NS plants were badly 
affected by severe drought; both moderate and severe 
drought reduced plant Caulis and green leaves. Under 
moderate drought, the average caulis length and number 
of green leaves in TS plants were reduced by 64 and 
13.7 cm, respectively. The corresponding decrease was 
77.3 and 18.3 cm in NS plants as compared to controls. 
Increase in drought intensity caused further reduction; 
there was no statistical difference between TS and NS. 
These results suggested that some level of water deficit 
(moderate drought), elevated both Cu/Zn SOD and APX 
expression in chloroplasts of sweet potato, and could 
alleviate the limit on growth induced by water deficit. 
However, under severe stress, TS plants did not show 
obvious advantage in protecting plant growth.  
 
 
Membrane damage under drought stress and re-
watering conditions 
 
Disruption of the membrane integrity caused by stress 
can be estimated by measuring the leakage of cyto-
plasmic solutes from leaf slices. Under well watered 
conditions, there were no differences in electrolyte 
leakage between TS and NS plants (Figure 2). Moderate 
drought increased relative electrolyte leakage by 1.9 and 
2.4 fold in TS and NS plants (Figure 2A) and then 
increased further to 2.3 and 2.7 fold under severe 
drought (Figure 2B). The relative electrolyte leakage 
declined gradually with the days after re-watering. A 
significant difference between TS and NS occurred on 
the first 3 days after re-watering from severe drought.  

Malondialdehyde, as the final product of cellular mem-
branaceous lipid peroxidation, is a key parameter for 
evaluating the extent of damage in plants. The level of 

MDA was increased dramatically by severe drought 
condition (Figure 3), but TS plants showed better 
tolerance of water stress than NS plants. The level of 
MDA was 1.9 and 2.6 fold of control in TS plants under 
moderate and severe water stress whereas in the same 
condition, NS plants were 2.3 and 3.6 fold of control, 
respectively. In response to rewatering, both plants 
showed similar change trends relative to electrolyte 
leakage. The MDA of TS plants recovered to near normal 
levels when the plants were re-watered from both stress 
cycles for 4 days, whereas NS plants could not recover to 
the same levels even after 9 days recovery from severe 
drought conditions.  
 
 
Changes in leaf relative water content (RWC) under 
drought stress and re-watering conditions 
 
The relative water contents (RWC) of drought-stressed 
plants were measured over a specified time-period during 
drought stress and recovery. After almost 96 days of 
withholding water, we noted significant reductions in the 
water contents of plants, and the reduction became more 
severe under severe water stress. Compared to control, 
the reduction in RWC in the TS plants was only 18 and 
12% in severe (Figure 4B) and moderate drought stress 
(Figure 4A), respectively. In the NS plants, 25 and 16% 
reductions were observed. The leaf relative water content 
of both lines was strongly affected by re-watering, 
especially when they were released from severe drought. 
The TS plants showed better recovery than NS plants, in 
the sense that they recovered faster. TS plants main-
tained significantly higher water contents than the NS 
plants in water stress period and on the 1st, 2nd and 3rd 
day after re-watering, neither of them recovered fully from 
severe stress even after 9 days re-watering.  
 
 
Changes in leaf water potential during drought stress 
and re-watering periods 
 
The leaf water potential (ψL) of both lines was decreased 
progressively by drought stress (Figure 5). Long term 
moderate water deficit caused 3.5 and 4.4 bar reduction 
in TS and NS plants,  respectively,  as  compared  to  well  
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Figure 2. Effect of drought and re-watering on electrolyte leakage (EL) in transgenic (TS) and non-transgenic sweet potato 
(NS). After 96 days of drought treatment, the electrolyte leakage of leaf discs was measured after 0, 1, 2, 3, 4 5, and 7 days of 
re-watering. Plants growing in well watered conditions served as control. Values are means ± SD of three replicates.  
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Figure 3. Effect of drought and re-watering on MDA and EL in transgenic (TS) and non-transgenic (NS) sweet potato. 

After 96 days of drought treatment, MDA in leaf discs was measured at 0, 1, 2, 3, 4, 5, 7 and 9 days after re-watering. 
Plants growing in well watered conditions served as control. Values are mean ± SD of three replicates. 
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Figure 4. Effect of drought and re-watering on leaf relative water content (RWC) in transgenic (TS) and non-transgenic 
(NS) sweet potato. After 96 days of drought treatment, the RWC of leaf discs was measured at 0, 1, 2, 3, 4, 5, 7 and 9 
days after re-watering. Plants growing in well watered conditions served as control. Values are mean ± SD of three 
replicates. 
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Figure 5. Effect of drought and re-watering on leaf water potential (ψ) in transgenic (TS) and non-transgenic (NS) sweet 
potato. After 96 days of drought treatment, the leaf water potential was measured at 0, 1, 2, 3, 4, 5, 7 and 9 days after re-
watering. Plants growing in well watered conditions served as control. Values are means ± SD of three replicates. 
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watered values (Figure 5A), and then was increased to 
4.2 and 6.2 bar, respectively because of increase in 
stress intensity (Figure 5B). The result indicated that TS 
plants had enhanced ability to maintain water balance 
under stress environment. Re-watering improved leaf 
water status of plants, however, the extent of recovery 
depended on the stress level. On release from moderate 
drought, the water potential of TS plants recovered 
rapidly to an almost stable level on the 2nd day of re-
watering, whereas NS plants took more time to get to the 
same level. Both plants recovered completely after 9 
days of re-watering treatment. On termination of severe 
drought, TS plants showed much higher recovering 
capacity than NS plants, especially on the first 3 days of 
re-watering. However, both lines could not recover to the 
well watered levels even at the end of treatment, 
indicating that severe drought induced permanent 
damage of the photosynthetic apparatus in existing leaf 
tissues. These results suggested that simultaneous over-
expression of both chloroplast-targeted Cu/Zn SOD and 
APX in transgenic sweet potato improved their water 
status under drought, especially during recovery period.  
 
 
Changes in antioxidant enzyme activities during 
drought stress and re-watering periods 
 
Drought stress induced some antioxidant enzymatic 
activities (APX, CAT and SOD) based on the different 
responses to recovery (Figure 6). Moderate drought 
stress increased the activities of SOD by 2.3 and 1.9 fold 
in TS and NS plants, respectively (Figure 6A). With 
increases in drought intensity, they were increased to 2.7 
and 2.2 fold, respectively (Figure 6B). Re-watering 
restrained SOD activity in both lines. Upon watering from 
moderate stress, the SOD activity in TS plants was 
maintained at a higher level during the first 2 of re-
watering, and then declined rapidly, whereas NS plants 
decreased directly after re-watering. On the 3rd day, both 
lines almost returned to the control level. In the recovery 
period of severe drought, TS plants still showed higher 
SOD activity than NS plants, although this activity 
decreased rapidly after re-watering days.  

APX activity of plants showed a similar change as SOD 
in response to moderate drought and the following 
recovery: increasing in stressful condition and decreasing 
further in re-watering period (Figure 6C, D). Obviously, 
APX activity was more affected by moderate drought than 
SOD; it increased 4.4 and 3.2 fold in TS and NS plants, 
respectively (Figure 6C). Unlike SOD, the APX activity 
decreased with further increases in stress intensity, but 
had a greater increase after 1 day re-watering, and then 
dropped gradually (Figure 6D). Though TS and NS plants 
showed a similar trend, the APX activity in TS plants was 
much higher than NS plants, especially during the first 3 
days of re-watering.  

Obviously, the CAT activity in plants  was  less  affected  

 
 
 
 
by drought and re-watering than SOD and APX activity. 
Compared to control, the CAT activity of TS and NS 
plants increased by 122 and 85% under moderate 
drought (Figure 6E) and decreased to 103 and 57% 
under severe drought (Figure 6F). During the recovery 
period, there were similar changes in APX activity.  

The results suggested that previous water stress inten-
sity is a crucial factor affecting both the velocity and 
extent of recovery after re-watering. However, TS plants 
always showed higher level of all scavenging enzyme 
activities both in response to stress and recovery. 
 
 
Changes in leaf chlorophyll content and 
photosynthetic activity (Fv/Fm) during drought stress 
and re-watering periods 
 
Damage of the photosynthetic apparatus by drought 
stress was determined via measurement of the fluore-
scence parameters (Fv/Fm) (Figure 7). The Fv/Fm of TS 
and NS plants was similar under control conditions (0.87) 
but decreased to 0.82 and 0.71 under moderate and 
severe drought in TS plants; the NS plants experienced 
0.79 and 0.67 decrease under the same condition. Upon 
watering from moderate drought stress, the Fv/Fm of 
both TS and NS plants increased drastically after 2 days 
of recovery and then continued to rise gradually; both 
lines recovered to the control levels after 9 days of 
rewatering (Figure 7C). Following rewatering from severe 
drought, the Fv/Fm of TS plants was far superior to that 
of NS plants. TS plants increased slowly on the first 2 
days and then rapidly, whereas the NS plants had negli-
gible recovery on the first 5 days of re-watering. However, 
both TS and NS plants could not attain full recovery even 
after 9 days re-watering (Figure 7D). 
 
 
Plants growth and harvest index under drought 
stress  
 
Plants were harvested and data collected are shown in 
Figure 9. Water stress decreased the aboveground bio-
mass (Figure 9A) but improved root development (Figure 
9B). Transgenic lines had greater shoot and root weights 
compared to NS lines. Moderate and severe drought 
stress reduced the entire dry weights of TS plants by 
41.5% while NS plants were reduced by 61.7% (Figure 
9C). However, drought stress resulted in a significant 
increase in the root-shoot ratio, especially in TS plants 
which increased by 62.2 and 35.3% under moderate and 
severe drought while NS plants were reduced by 32.7 
and 30.9%, respectively (Figure 9D). The root-shoot ratio 
was significantly higher in TS plants than in NS plants, 
and it seems that the root was more sensitive to drought 
stress. However, the tuber yields of TS plants were badly 
affected by drought stress (Figure 9E), and cones-
quentially,  the   harvest   index   decreased   significantly  
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Figure 6. Effect of drought and re-watering on antioxidant enzymatic activity SOD (A, B), APX (C, D), CAT 

(E, F) in transgenic (TS) and non-transgenic (NS) sweet potato. Antioxidant enzymes in leaves were 
measured at 0, 1, 2, 3, 4, 5, 7 and 9 days after re-watering. Plants growing in well watered conditions 
served as control. Values are means ± SD of three replicates. 
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Figure 7. Effect of drought and re-watering on chlorophyll contents (A, B) and photosynthetic activity (Fv/Fm) (C, D) in 

transgenic (TS) and non-transgenic (NS) sweet potato. After 96 days of drought treatment, Chl content and Fv/Fm of 
leaves were measured at 0, 1, 2, 3, 5, 7 and 9 days after re-watering. Plants growing in well watered conditions served 
as control. Values are means ± SD of three replicates. 

 
 
 

DISCUSSION 
 
The frequency of drought is likely to increase in the future 
and plant growth and productivity will be greatly limited by 
water deficit, especially in arid/semi-arid regions. Drought 
tolerance in plants involves modulating multiple genes 

and coordinating the action of various genes from diffe-
rent pathways. To date, many studies have demonstrated 
that multiple genes transfer can act additively or 
synergistically to enhance tolerance of abiotic stress such 
as drought. For instance, our work, together with the 
earlier reports on tall fescue  (Lee et al., 2007a),  tobacco  
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Figure 8. Effect of drought tress on visual rating of plants growth and storage root formation in transgenic (TS) 
and non-transgenic (NS) sweet potato. Observations were made on 106-day–old plants. (A) Growth 
performance of TS under severe drought; (B) growth performance of NS under severe drought; (C) storage root 
formation in control condition; (D) differential tuber development in TS and NS plants under moderate drought; 
(E) tuber development in NS plants under severe drought; (F) tuber development in TS plant under severe 
drought. 

 
 
 

(Lee et al., 2007b), sweet potato (Lim  et  al.,  2007),  rice 
(Wang et al., 2005) and potato (Van der Mescht et al., 
2007) demonstrated that development of transgenic 
plants, such as direct modification of the expression of 
antioxidant enzymes, SOD, GR and APX in chloroplasts, 
was an effective way of enhancing the protection of 

plants against various oxidative stresses (Badawi et al., 
2004; Van Camp et al., 1997). However, very few studies 
have focused on the recovery capacity of transgenic 
plants. The rate and extent of plant recovery from stress-
ful conditions may be used as an important index in 
evaluating the stress tolerance of transgenic plants.  
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Figure 9. Effect of moderate and severe drought on dry matter production (A, B, C), tuberous root yield (E) and 

harvest index (F) in transgenic (TS) and non-transgenic (NS) sweet potato. The data were collected from 106-day–old 
plants. Plants growing in well watered conditions served as control. Values are means ± SD of three replicates. MS: 
Moderated drought stress; SS severe drought stress.  



 
 
 
 

In   this   work,  we   observed  that  the  introduction  of  
foreign genes did not affect the growth of plants under 
normal conditions (Table 1). The caulis and leaf area of 
non- transgenic and transgenic plants were similar. 
However, drought stress injured plants both at tissue and 
cellular levels. The development of caulis was impaired 
and leaf was lost or turned yellow. Transgenic plants 
delayed leaf wilting and maintained growth, thereby expe-
riencing lower damage than NS plants.  

The MDA and electrolyte leakage of leaf were mea-
sured to determine whether over-expression of Cu/Zn 
SOD and APX are helpful in scavenging excess ROS. 
The results showed that MDA accumulation and EL 
dramatically increased in NS plant but less in TS plants 
(Figure 2 and 3), suggesting that ROS were more 
efficiently scavenged by simultaneous over-expression of 
both Cu/Zn SOD and APX in the chloroplasts of trans-
genic plants. In addition, the MDA accumulation and EL 
of transgenic plants were restored to relatively low levels 
earlier than NS plants after re-watering, suggesting the 
advantage of transgenic plants in recovery period.  

Rao et al. (2006) showed that re-establishment of 
vegetative plant growth after a period of water stress 
depended on the recovery of leaf water potential after re-
watering and the faster the recovery, the better the overall 
plant production. The RWC and water potential of tested 
plants decreased slightly in moderate water stress 
(Figure 4 and 5A), and dropped further in severe water 
stress (Figure 4 and 5B). The reduction in water potential 
and RWC in TS plants was less than NS plants. Also, the 
water potential and RWC of TS plants recovered earlier 
than NS plants. The results suggested that this improve-
ment might be due to leaves of transgenic lines over-
expressing both Cu/Zn SOD and APX.  

Water stress induces oxidative stress through gene-
ration of ROS, and the ability of the plant to mobilize 
enzymatic defense against uncontrolled production of 
ROS may be an important facet of their drought tolerance 
(Dhindsa and Matowe, 1981). Many previous works 
proved that transgenic plants with elevated levels of 
chloroplast - targeted antioxidant genes such as SOD, 
APX, or GR exhibited enhanced protection against 
oxidative stress (Allen et al., 1997; Gupta et al., 1993; 
Payton et al., 2001). In this work, water deficit stress 
increased the activities of all the scavenging enzymes 
(SOD, APX and CAT) according to water stress intensity 
(Figure 6). The SOD and APX appeared to be important 
enzymes for overcoming drought-induced oxidative 
stress as these enzymes could be the first line of defense 
during drought acclimation process. During the period of 
recovery, APX and CAT increased on the first day of re-
wetting and then declined (Figure 6 D and F), suggesting 
that these enzymes play more important roles in recovery 
process. The differential response of the antioxidant 
enzymes with increasing stress intensity followed by 
recovery, highlight the different role of each in the drought 
acclimation  process  of  sweet  potato.  The  coordinated  
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defense helped the plants to recover in terms of growth 
on re-watering after stress imposition. Also, transgenic 
plants maintained higher activities of SOD, APX and CAT 
during drought stress and the entire period of re-watering 
than NS plants. There was some evidence that compa-
ratively, higher activities of antioxidant enzymes and 
metabolites enhanced plants’ tolerance of various abiotic 
stresses (Kornyeyev et al., 2003; Perl et al., 1993; Tang 
et al., 2006). Thus, our experimental result indicated that 
over-expression of both Cu/Zn SOD and APX in 
transgenic sweet potato enhanced antioxidant enzyme 
activities and conferred better tolerance and recovery 
from drought stress than control plants.   

Fluorescence can provide insights into the ability of a 
plant to tolerate environmental stress and reflect how 
much the photosynthetic apparatus are damaged by 
these stresses (Fracheboud et al., 1999; Maxwell and 
Johnson, 2000). Thus, in this work, we use photo-
synthetic activity to evaluate the possibility that the gene 
transfer technology could be useful for improving 
tolerance of sweet potato against drought stresses. We 
found that moderate drought stress had less effect on the 
Fv/Fm of both lines, especially in transgenic lines, which 
had a high value of about 0.8 in leaves (Figure 7C). This 
observation is consistent with previous studies: the value 
of Fv/Fm in sweet potato was nearly completely 
unaffected in the presence of very large reductions in 
photosynthetic rates under field-imposed drought stress 
(van Heerden and Laurie, 2008). After re-watering, the 
Fv/Fm increased in both examined plants to near normal 
levels with no significant difference between transgenic 
and non-transgenic plants. This may mean that functional 
damage in the photo-system did not occur in the leaves. 
On the other hand, long term severe drought imposed, 
caused a decrease in Fv/Fm in TS and NS plants (Figure 
7D), but TS plants could maintain a higher level of Fv/Fm 
than NS plants. This suggests that, although the photo-
synthetic activity decreased because of injury of electron 
transfer in photochemical system II, TS plants could 
effectively protect photosynthetic apparatus from drought 
by over-expression Cu/Zn SOD and APX. Upon re-
watering, the Fv/Fm of TS plants could be restored to 
control level rapidly from moderate drought, and full 
recovery after 2 days of re-wetting, whereas NS plants 
showed a delayed recovery during the period of re-
watering. The results also showed that under moderate 
soil water deficit, photosynthetic depression was possible 
because of stomatal closure or limitation, but not because 
of biochemical reaction. Therefore, plants could recover 
to control level once released from stressful conditions. 
However, TS and NS plants could not get full recovery 
even after 9 days re-watering from severe drought condi-
tions. It is possible that they need more time to recover or 
the PSII thermal energy dissipation was strongly limited, 
due to damage to PSII structure and functionality. A 
previous report indicated that severe stress damaged 
both  photosystems  (Genty et al., 1987)  but  mild  water  
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stress had no effect on PSII  photochemistry  (Meyer  and 
Kouchkovsky, 1993). The alterations in PSII activity under 
moderate drought stress were related to photoinhibition 
rather than to a direct damage to PSII (Miyashita et al., 
2005). Previous research demonstrated that the carbon 
balance of a plant during periods of water stress and 
recovery may depend as much on the velocity and 
degree of photosynthetic recovery as on the degree and 
velocity of photosynthesis decline during water depletion 
(Kirschbaum, 1987). Transgenic plants showed higher 
photosynthetic activity than NS plants under stress condi-
tions and took shorter time to recover following re-
watering, reflecting that transgenic sweet potato effectively 
improved carbon balance and enhanced the capacity for 
recovery. 

Under control water conditions, TS and NS plants had 
similar dry matter yield (Figure 9C) suggesting that their 
growth was not affected by introducing foreign genes. Dry 
matter yield decreased significantly in both lines under 
drought stress. Although the reductions in dry biomass in 
transgenic lines were less than that in non-transgenic 
plants, the difference was not significant. Aboveground 
and root dry biomass was different in response to drought 
stress; the aboveground growth declined (Figure 9A) 
whereas root development improved (Figure 9B). More-
over, tuber development was significantly impaired by 
drought stress (Figure 9E). When soil moisture content 
was low, sweet potato had poor tuber development and 
vegetative growth. The interesting thing is that, compared 
with NS plants, the total dry matter as well as the 
aboveground and root biomass of transgenic plants were 
higher in all treatment conditions, except tuber yield. In a 
previous report (Watanabe et al., 1968), it was indicated 
that tuber formation in sweet potato was absent or 
delayed by low levels of soil moisture. In the present 
work, tuber formation was affected not only by water 
deficit, but also by introduction of foreign antioxidant 
genes. It seems that introduction of Cu/Zn SOD and APX 
improved the drought tolerance of transgenic plants by 
enhanced development of the root system and cor-
responding decrease or delay in tuber formation. That our 
results were obtained under pot condition provides 
another possible explanation of the loss in tuber yield; 
carbon was allocated towards futile root development 
(based on the root: shoot ratios), but plants could not 
have achieved real benefit from this in a system where 
roots were pot-bound and incapable of scavenging more 
water from deeper soil layers. In the field, these roots 
could have translated into a major benefit in terms of 
water supply during the very sensitive stage of tuber 
initiation/development. Therefore, comparative analysis 
of transgenic and non-transgenic plants in term of yield 
and growth must be further confirmed under field 
conditions.      

Sweet potato is a special crop food that both sink and 
source organs could be utilized. Storage root (tuberous 
roots), which is rich in starch and dietary fiber is  used  as  

 
 
 
 
human food while vegetable tissue (leaf, shoot) is a good 
source of vitamin A. Thus, even with the reduction in 
tuberous root yield of transgenic lines, we anticipate that 
our experimental results will provide some evidence of 
diverse use of transgenic plants such as utilization of 
vegetative tissues or growth in marginal soil. 
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Conclusion 
 

In conclusion, transgenic sweet potato over-expressing 
both Cu/Zn SOD and APX under the control of the 
oxidative stress-inducible promoter, SWAP2, had normal 
growth and appearance when grown under normal condi-
tions, but exhibited enhanced tolerance and recovery 
from drought stress via improved synergistic and protec-
tive effects of SOD, APX and CAT activity. Thus, it 
maintained higher leaf water status and photosynthetic 
activity. The improvement in drought tolerance and total 
dry matter yield of transgenic sweet potato suggests that 
this crop has prospect for wide application as an 
industrial material and may help to overcome the existing 
global controversy over the value of transgenic food.  
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