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Summary
Nucleoside diphosphate kinase 2 (NDPK2) is known to regulate the expression of

antioxidant genes in plants. Previously, we reported that overexpression of Arabidop-

sis NDPK2 (AtNDPK2) under the control of an oxidative stress-inducible SWPA2 pro-

moter in transgenic potato and sweetpotato plants enhanced tolerance to various

abiotic stresses. In this study, transgenic poplar (Populus alba · Poplus glandulosa)

expressing the AtNDPK2 gene under the control of a SWPA2 promoter (referred to

as SN) was generated to develop plants with enhanced tolerance to oxidative stress.

The level of AtNDPK2 expression and NDPK activity in SN plants following methyl

viologen (MV) treatment was positively correlated with the plant’s tolerance to

MV-mediated oxidative stress. We also observed that antioxidant enzyme activities

such as ascorbate peroxidase, catalase and peroxidase were increased in MV-treated

leaf discs of SN plants. The growth of SN plants was substantially increased under

field conditions including increased branch number and stem diameter. SN plants

exhibited higher transcript levels of the auxin-response genes IAA2 and IAA5. These

results suggest that enhanced AtNDPK2 expression affects oxidative stress tolerance

leading to improved plant growth in transgenic poplar.

Introduction

Environmental stress is one of the most severe agricultural

problems affecting plant growth and crop yield (Toennies-

sen et al., 2003). Recent studies have identified a large

number of genetic and molecular networks underlying

plant adaptations to adverse environmental growth condi-

tions (Sreenivasulu et al., 2007). All of these studies empha-

size the complexity of various traits and their polygenic

inheritance. The current notion is that defence mechanisms

of plants against stress conditions are tightly associated

with the species-specific growth habits, and hence every

claim of tolerance enhancement needs to be tested on a

crop-yield basis, coupled with its economic significance

from an agricultural point of view (Flowers, 2004; Passioura,

2007). This consideration has only recently become gener-

ally accepted, providing the justification for a major focus

on crop-specific gene transfer to enhance stress tolerance.

Trees have great values as a source of essential ele-

ments for human living. They have unique characteristics,

such as perennial growth, developmental phase changes,

secondary growth and metabolism, and trees also exhibit

resistance systems to extreme environmental conditions

(Bhalerao et al., 2003; Gallardo et al., 2003). They are

generally exposed to recurrent cycles of injury by a variety

of biotic and abiotic stresses. This is because of both the

technical difficulty of transformation and the extended life

cycle. Therefore, the development of techniques leading

to avoidance or reduction in injuries imposed by environ-

mental stress is important for trees. Because of the slow

growth, growth enhancement of trees provides an impor-

tant incentive, because growth enhancement coupled to

stress tolerance are important factors not only from an

environmental but also from an economical point of view.

Among the various tree crops, poplar occupies a promi-

nent place as a model system for functional genomics

ª 2010 The Authors

334 Plant Biotechnology Journal ª 2010 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd

Plant Biotechnology Journal (2011) 9, pp. 334–347 doi: 10.1111/j.1467-7652.2010.00551.x



studies. Poplar has many features that make the species a

suitable model for forest biotechnology, such as fast

growth, a relatively small genome, ease of vegetative

propagation, facile transgenesis and tight coupling

between physiological traits and biomass productivity

(Bradshaw et al., 2000; Constabel et al., 2000; Taylor,

2002; Sterky et al., 2004). Of particular importance and

convenience is the highly efficient genetic transformation

system coupled with efficient regeneration of poplar that

is unsurpassed by other tree crops (Fillatti et al., 1987).

Nucleoside diphosphate kinases (NDPKs, EC 2.7.4.6) are

housekeeping enzymes that maintain intracellular levels of

nucleoside triphosphates (NTPs), with the exception of

adenosine triphosphate (ATP). In plants, they are involved

in the phytochrome A (PhyA) response (Choi et al., 1999),

UV-B signalling (Zimmermann et al., 1999), heat shock

responses (Escobar Galvis et al., 2001) and oxidative stress

signalling (Moon et al., 2003). Among the three NDPK iso-

forms in Arabidopsis, diverse functions of NDPK2 on plant

development and stress responses have been reported

(Moon et al., 2003). It has been shown that the binding

of Arabidopsis NDPK2 (AtNDPK2) to phytochrome PhyA

increases the activity of NDPK2 (Choi et al., 1999; Kim

et al., 2002; Shen et al., 2005). Moreover, a mutant lack-

ing AtNDPK2 displays a partial defect in photomorphogen-

esis, including cotyledon opening and greening in

response to both red and far-red light (Choi et al., 1999).

In addition, AtNDPK2 appears to participate in auxin-regu-

lated processes, partly through the modulation of auxin

transport by changes of Aux ⁄ IAA-related gene expression

(Choi et al., 2005a). During stress conditions, AtNDPK2 is

not only involved in oxidative stress signalling by interac-

tion with two kinds of mitogen-activated protein kinases

(AtMPK3 and AtMPK6), but the enzyme also participates

in salt stress signalling by interaction with class 3 sucrose-

nonfermenting 1-related kinase (SOS2) and catalase (CAT)

(Moon et al., 2003; Verslues et al., 2007). Recently,

AtNDPK2 expressing transgenic plants, such as potato and

sweetpotato, also exhibited significantly enhanced toler-

ance to multiple environmental stresses (Tang et al., 2008;

Kim et al., 2009). Therefore, NDPK2 appears to be a com-

ponent of stress protection mechanisms that could be

exploited for engineering of plant growth enhancement

and stress tolerance.

A powerful expression system with an appropriate pro-

moter is an important requisite for efficient expression of

foreign genes in plant cells (Aoyama and Chua, 1997;

Kasuga et al., 1999). Development of stress-inducible pro-

moters that control precisely the expression of target

defence genes under particular stress conditions is very

important for developing transgenic plants with an

enhanced tolerance to various stresses. We have previously

isolated an oxidative stress-inducible SWPA2 promoter

from cell cultures of sweetpotato and characterized its

function in transgenic tobacco plants in terms of environ-

mental stresses, including oxidative stress (Kim et al.,

2003). SWPA2 had been found to encode an anionic per-

oxidase (POD), which was highly expressed in response to

various stresses including wounding, chilling, sulphur diox-

ide, ozone and UV (Kim et al., 1999, 2007). The SWPA2

promoter contained several cis-element sequences impli-

cated in oxidative stress such as GCN-4, AP-1, HSE and

SP-1 reported in animal cells and a plant-specific G-box

(Kim et al., 2003). The expression of )1314 SWPA2 pro-

moter in transgenic tobacco plants was strongly induced

in response to environmental stresses including H2O2,

wounding and UV treatment and suspension cultured cells

conditions (Kim et al., 2003). These results indicate that

the )1314 bp SWPA2 promoter will be biotechnologically

useful for the development of transgenic plants with

enhanced tolerance to environmental stress.

In this study, we generated AtNDPK2 expressing trans-

genic poplar lines under control of the SWPA2 promoter,

and their tolerance to oxidative stress was characterized.

We demonstrate here that overproduction of this NDPK2

confers resistance to oxidative stress and stimulates vege-

tative growth of transgenic poplar under field conditions.

Results

Molecular and biochemical characterization of

AtNDPK2 expressing transgenic poplar under

MV-mediated oxidative stress

Transgenic poplar plants that expressed AtNDPK2 under

the control of an oxidative stress-inducible SWPA2

promoter (SN plants) were successfully generated by Agro-

bacterium-mediated transformation (Figure 1a). Five inde-

pendent transgenic lines were established for further

studies. Integration and gene copy number of the con-

struct in the transformed plants were determined by PCR

analysis with AtNDPK2 and NPTII gene-specific primers

(data not shown), then analysed further via Southern blot

analysis. Among five transgenic lines, four lines 3, 6, 8

and 10 showed single copy insertions, whereas line four

exhibited multicopy insertions (Figure 1b). The five SN

transgenic lines were grown in a greenhouse for

6 months. They were used to evaluate tolerance against
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methyl viologen (MV)-mediated oxidative stress through

leaf disc assays. MV is a typical reactive oxygen species

(ROS)–generating redox active compound, which has been

used as a nonselective herbicide (Babbs et al., 1989). To

investigate the level of transgene expression in the SN

plants, RT-PCR analysis was conducted using RNA from

MV-treated plant leaf discs with a AtNDPK2 gene-specific

primer set (Figure 1c). After induction of MV stress,

induced expression of AtNDPK2 was detected in the leaf

discs of all transgenic lines, but not in the nontransgenic

(NT) plant. Particularly, prominent induction of the

AtNDPK2 expression was detected in the SN3 and SN4

plants after MV treatment. To further ascertain whether

AtNDPK2 expression is correlated with NDPK enzyme

activity, we measured the NDPK activity in soluble extracts

from leaf discs of the SN transgenic lines (Figure 1d). SN3

and SN4 plants exhibited 2.2 and 2.3-fold higher NDPK

activity than the NT plants under MV treatment.

To investigate whether the tolerance against oxidative

stress was altered in SN poplar plants, we subjected leaf

discs of SN plants to MV (Figure 2). Leaf discs were

incubated with 1 lM MV under illumination, and the loss

of cytoplasmic solutes was determined based on the elec-

trical conductance of the solution. The extent of cellular

damage was quantified by solute leakage, which is an

accepted measure of membrane disruption (Bowler et al.,

1991). At 24 h following MV treatment, the leaf discs of

the NT plants showed nearly complete cellular disruption

(about 70% of maximum solute leakage), whereas those

of five SN plants showed approximately 50% less mem-

brane damage than their NT counterparts. A comparison

of leaf discs of NT and SN plants following exposure to

oxidative stress in the form of MV showed that the leaf

discs of the SN plants showed relatively less membrane

damage (Figure 2a). SN3 and SN4 plants showed approxi-

mately 25.4 and 26% reductions in membrane damage at

24 h, respectively, when compared with the NT plants,

and membrane damage of SN3 and SN4 was reduced for

approximately 20.6 and 20% at 60 h, respectively, when

compared with the NT plants under MV treatment
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Figure 1 Molecular and biochemical characterization of AtNDPK2 overexpressing transgenic poplar plants (SN plants) and nontransgenic control

plants (NT plants) under MV-mediated oxidative stress. (a) Diagram of the oxidative stress-inducible SWPA2 promoter::AtNDPK2 construct. (b)

Southern blot analysis of transgenic lines. The integration and gene copy number of the construct in the transformed plants were confirmed by

AtNDPK2 gene with Eco RI digestion. (c) RT-PCR analysis of SN plants under 1 lM MV treatment for 36 h. (d) Specific NDPK activity in SN plants

at 24 h after MV treatment. Data presented are the average of three replicates. Bars carrying the same letter are not significantly different

(P = 0.05) according to Duncan’s multiple range test.
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(Figure 2a). The analysis of ion leakage in the transgenic

plants subjected to MV treatment revealed that transgenic

lines 3 and 4, which exhibited the highest NDPK activity

(Figure 1c, d), also retained the lowest levels of ion leak-

age content after MV treatment. H2O2 is produced in the

plants during stressful conditions; if it remains unsc-

avenged, it can cause severe damage to the plant cells.

We evaluated the relative H2O2 content of NT and SN

plants after 1 lM MV treatment for 36 h. SN3 and 4

plants showed lower H2O2 content than NT and the other

SN plant lines (Figure 2b).

NDPK2 participates in the activation of gene expression

and activity of various antioxidant enzymes under stress

conditions (Yang et al., 2003; Tang et al., 2008; Kim

et al., 2009). Therefore, to understand the mechanism of

the enhanced tolerance of SN plants to MV-mediated oxi-

dative stress, we investigated changes in the activities of

H2O2-scavenging enzymes, such as ascorbate peroxidase

(APX), catalase (CAT) and peroxidase (POD) after MV

treatment. SN3 and SN4 plants exhibited approximately

2.3- and 2.6-fold higher APX activity than NT plants

(Figure 3a). CAT activity in SN3 and SN4 plants showed

2.2 and 1.8 higher than NT plants (Figure 3b). POD activity

also showed approximately 2.0 and 2.1-fold higher than

those of NT plants (Figure 3c). Our results suggest that

activation of antioxidant enzymes by AtNDPK2 expression

plays an important role in tolerance of transgenic poplar

plants to oxidative stress.

Growth of AtNDPK2 overexpressing transgenic poplar

under field conditions

The rooted plantlets were acclimatized in pots in the

greenhouse for 3 months and then transferred to the

field (Figure 4f, g). In one growing season during

6 months, line 3, 4 and 10 plants grew to about 2.48,

2.65 and 2.52 m in height, which is similar level with

the height of 2.22 m for NT plants (Figure 4a). During a

6 -month period, branch numbers and stem diameters

were also measured at 3, 4 and 6 months. The averages

of branch number were 11.9, 18.5 and 19.3 for NT, SN3

and SN4 lines at 6 months, respectively (Figure 4b). The

averages of stem diameters were 25, 30.2 and 35.3 mm

for NT, SN3 and SN4 lines at 6 months, respectively

(Figure 4c). Therefore, average plant branch number and

stem diameter in the SN3 and SN4 lines was greater

than that of the NT plant line during one growing sea-

son in the field. Additionally, young leaves of SN lines

and NT plants at 3 and 4 months did not show a signifi-

cant difference in Fv ⁄ Fm and total chlorophyll contents

(Figure 4d, e). Fv ⁄ Fm is relative chlorophyll fluorescence

showing PSII photosynthetic efficiency. Fv is the total

amount of variable fluorescence and Fm is the maximum

fluorescence yield.
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Figure 2 Effect of MV-mediated oxidative stress treatment in NT and

transgenic SN poplar plants. (a) Analysis of ion leakage in independent

SN transgenic lines in response to 1 lM MV treatment for 36 h. The

electrical conductivity of the MV solution was compared with the total

conductivity of the solution following tissue destruction. Data pre-

sented are the average of five replicates. (b) H2O2 contents in the leaf

discs of NT and SN plants treated with 1 lM MV. Leaf discs were trea-

ted with MV, and H2O2 content was determined at 0, 24 and 36 h of

treatment. Data presented are the average of three replicates. Bars

carrying the same letter are not significantly different (P = 0.05)

according to Duncan’s multiple range test.
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Characterization of transgenic poplar under field

growth conditions

Under natural field conditions, plants typically experience

more stress compared to growth chamber and greenhouse

conditions. High light, variable water availability (drought)

and high or low temperature can become stressful. Thus,

it was important to test the molecular and biochemical

effects of AtNDPK2 on the growth of poplar in the field.

The results showed increased transcript level of AtNDPK2

in the leaves of the transgenic lines, but not in NT plants

(Figure 6a). The SN3 and SN4 plant lines showed lower

levels of H2O2, 42 or 57% lower, respectively, at

4 months than NT plants exposed to field conditions

(Figure 5a). Clearly, AtNDPK2 expression in the field

reduced the accumulation of ROS in SN plants, suggesting

that ROS-scavenging enzymes were regulated by

AtNDPK2. Thus, we investigated whether expression of

AtNDPK2 had an effect on the activation of antioxidant

enzymes under field conditions. SN3 and SN4 plants

exhibited 1.6-fold higher NDPK enzyme activity than NT

plants under field conditions at 4 months (Figure 5b). In

addition, SN3 and SN4 plants exhibited approximately

1.45 and 1.4-fold higher APX activity than that of NT

plants (Figure 5c). CAT activity in SN3 and SN4 plants was

approximately 1.37 and 1.39-fold higher than NT plants at

4 months (Figure 5d). POD activity also showed a 1.29

and 1.44-fold higher activity than NT plants grown side by

side (Figure 5e).

The plant hormone auxin controls many developmental

effects by regulating auxin-responsive transcription factors

(ARFs) that bind to auxin-responsive elements in down-

stream genes. Transcripts of ARFs are accumulated in

response to auxin and in turn induce expression of early

auxin-response genes like Aux ⁄ IAA (Leyser, 2001; Wilmoth

et al., 2005). In addition, previous reports showed that

AtNDPK2 appears to participate in auxin-regulated pro-

cesses, partly through the modulation of auxin transport

by changes in the expression of Aux ⁄ IAA genes (Choi

et al., 2005a). We investigated the expression of Aux ⁄ IAA

genes in the transgenic poplar lines under field conditions,

because the enhanced growth parameters appeared to

indicate an effect of auxin metabolism. To investigate the

activation of the auxin-response pathway in the transgenic

poplar plants expressing AtNDPK2, the expressions of early

auxin-response genes IAA1, 2, 4, 5, 6 and 7 were analy-

sed (Figure 6b). Quantitative RT-PCR analyses of poplar

IAA2 and IAA6 clearly demonstrated that the expressions

of these genes in the transgenic SN3 and SN4 are more

than 3- to 3.5-fold higher than in the control plant under

field conditions for 4 months (Figure 6b).

Discussion

Over the life cycle of a plant, NDPKs perform important

functions by controlling growth, development and defence
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responses. Recently, it has been shown that NDPK2 plays

a regulatory role in H2O2 or ⁄ and auxin-mediated signalling

in plants, indicating that NDPK2 enzymes carry out a

diverse array of biological functions (Moon et al., 2003;

Choi et al., 2005a). In this study, we successfully devel-

oped transgenic poplar plants expressing AtNDPK2 under

control of the oxidative stress-inducible SWPA2 POD pro-

moter. Expression of the AtNDPK2 gene caused activation

of antioxidant enzymes in poplar, thereby conferring

increased tolerance to MV-mediated oxidative stress. We

also showed that the transgenic expression of AtNDPK2

resulted in higher growth rates in transgenic poplar, con-

firming the possibility by auxin-related function.

NDPKs play a prominent role in plant defence mecha-

nisms, and the involvement of NDPK is associated with

various stress tolerances, including oxidative stress. For

example, Moon et al. (2003) demonstrated that NDPK2

overexpressing Arabidopsis showed enhanced tolerance to

MV-mediated oxidative stress, freezing and high salt. In

transgenic potato and sweetpotato plants, overexpression
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of NDPK2 also exhibited enhanced tolerance to MV-medi-

ated oxidative stress, temperatures and osmotic stress

(Tang et al., 2008; Kim et al., 2009). As expected, the SN

transgenic poplar plants of our study showed a signifi-

cantly enhanced tolerance to MV-mediated oxidative

stress, with high levels of NDPK production (Figures 1

and 2).

Arabidopsis NDPK2 is a component of the H2O2-acti-

vated MAPK signalling pathway, especially via AtMPK3

and AtMPK6, and overexpression of AtNDPK2 alters cellu-

lar redox conditions in plants (Moon et al., 2003). Yang

et al. (2003) demonstrated that increased expression of

numerous genes in the NDPK2 overexpressing Arabidopsis

including those involved in signal transduction and protec-

tion by cDNA microarray analysis. Among the induced

genes, expression of various antioxidant genes, including

POD, APX, CAT, was significantly increased in NDPK2

overexpressing Arabidopsis. In addition, overexpression of

NDPK2 in transgenic potato and sweetpotato plants

increased NDPK and H2O2-scavenging antioxidant enzyme

activities (Tang et al., 2008; Kim et al., 2009). In this

study, consistent with these results, we have demon-

strated that the SN poplar plants showed increased levels

of APX, CAT and POD activity under MV-mediated oxida-

tive stress and field environment conditions (Figures 3 and

5). APX, CAT and POD are the major enzymes responsible

for H2O2 scavenging during oxidative stress in plants. APX

is a component of the ascorbate-glutathione pathway,

which plays a key role in H2O2 scavenging in different

cellular compartments such as cytosol, chloroplast,

membrane and microbody and mitochondria (Mittler,

2002; Shigeoka et al., 2002). CAT eliminates H2O2 by

breaking it down directly to form water and oxygen in mi-

crobody. Thus, CAT does not require reducing power and

has a high reaction rate, but a low affinity for H2O2, and

can, thereby, only remove H2O2 when high concentrations

are present (Willekens et al., 1997). In addition, Plant

PODs are localized in vacuoles and in the apoplast, and
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Figure 5 H2O2 contents, NDPK and H2O2-

scavenging enzymes activities in SN trans-

genic poplar plants under field conditions
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activities in SN plants. Data presented are
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they are involved not only in scavenging H2O2 but also in

plant growth, development, lignification, suberization and

cross-linking of cell wall compounds (Passardi et al., 2005;

Cosio and Dunand, 2009). Our data are consistent with

the observations that the increase in the activities of APX,

CAT and POD as the result of NDPK2 expression in trans-

genic poplar plants is correlated with environmental stress

defence mechanisms involving an H2O2-regulated stress

response signalling pathway. While not explicitly character-

ized in the current experiments, the examination of mon-

odehydroascorbate reductase (MDHR), which provides an

alternative pathway for ROS detoxification and glutathione

reductase (GR), which is a rate-limiting enzyme in the

usual ROS-scavenging pathway, might better illuminate

the interplay between these enzymes and the antioxidative

function of AtNDPK2 gene in the transgenic poplar plants

(Mittler, 2002). Similarly, measurements of antioxidant lev-

els and redox state (Noctor and Foyer,1998; Mittler, 2002)

might provide additional information on oxidative stress in

the transgenic poplars.

It is known that cross-interaction of signal transduction

pathways keep balance between growth and development

of the plants and their responses to different external

stimuli. Mechanical wounding induces genes related to

abiotic stress and hormonal responses (Cheong et al.,

2002). Shukla et al. (2006) demonstrated that ectopic

expression of a chickpea AP2 transcription factor (CAP2)

showed enhanced growth rates and tolerance to dehydra-

tion and salt stress in transgenic tobacco by expressions of

abiotic stress-response genes NtERD10B, NtERD10C and

auxin-response genes IAA4.2 and IAA2.5. The plant hor-

mone auxin regulates a number of cellular and develop-

mental processes, including cell division, cell growth and

differentiation (Friml, 2003). At the molecular level, auxin

exerts its effect by regulating expression of numerous

auxin-responsive genes including AUX ⁄ IAA genes. A family

of ARF binds to the auxin-response element in the

promoters of auxin-inducible genes to promote auxin-

mediated gene induction response (Leyser, 2001; Ljung

et al., 2001; Reed, 2001). In the previous study, Choi

et al. (2005a) reported the possible role of NDPK2 on

auxin-related cellular processes. The ndpk2 mutant of Ara-

bidopsis displayed developmental defects associated with

auxin, such as cotyledon development and increased sensi-

tivity to an inhibitor of polar auxin transport. In addition,

the transcript levels of specific auxin-responsive genes such

as IAA2, IAA4 and IAA17 were reduced in the ndpk2

mutant plants treated with auxin. The amount of auxin

transported from the shoot apex to the shoot ⁄ root transi-

tion zone was also increased in the ndpk2 mutant,
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genes in the SN transgenic plants under field

conditions for 4 months. (a) The expression

levels of AtNDPK2 gene in poplar plants.

AtNDPK2 transcript levels were tested using

RT-PCR and measured using quantitative
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compared with in the wild-type plants. In this study, we

demonstrated that the SN poplar plants showed increased

transcript levels of auxin-responsive genes, especially IAA2

and IAA6, under field environment conditions (Figure 6).

Interestingly, the growth of transgenic poplar plants was

substantially increased under field conditions by increases

in branch number and stem diameter (Figure 4), thereby

indicating that AtNDPK2 expression may be a positive

function as auxin transport-related signalling pathway.

From the earlier data, we concluded that the increase in

growth rates and IAA gene expressions resulting from the

expression of NDPK2 might be associated with develop-

mental responses under natural field conditions. In the

future, data on CO2 fixation in relation to photosynthetic

efficiency in transgenic plants on marginal lands will pro-

vide a useful measure of carbon sequestration and could

be an important metric in ascribing carbon credits to these

plants (Scarascia-mugnozza et al., 1996; Boese et al.,

1997).

In most experiments, the transgenes are driven under

the control of a strong constitutive promoter, such as the

CaMV 35S promoter. However, a more conditional gene

expression system is needed to extract greater benefits

from transgenic technology (Aoyama and Chua, 1997;

Kasuga et al., 1999). Furthermore, development of stress-

inducible promoters that control precisely the expression

of target defence genes under particular stress conditions

is very important for developing transgenic plants with an

enhanced tolerance to various stresses. For example, Kasu-

ga et al. (1999) reported that the use of the CaMV 35S

promoter to drive the expression of the DREB1A ⁄ CBF3

gene resulted in severe growth retardation under normal

growing conditions. Use of the stress-inducible RD29A

promoter instead of the constitutive CaMV 35S promoter

for the overexpression of DREB1A ⁄ CBF3 minimized the

negative effects on plant growth in transgenic Arabidopsis

and tobacco plants (Kasuga et al., 1999, 2004). Rd29A

promoter also showed functions in gene expression in

response to stress in Arabidopsis and tobacco plants (Yam-

aguchi-Shinozaki and Shinozaki, 1994; Kasuga et al.,

1999, 2004). DRE and ABRE cis-elements are found in the

RD29A promoter and DRE ⁄ CRT functions in early stress

signalling, whereas abscisic acid response element (ABRE)

functions after the accumulation of ABA during drought

and high-salinity stress response (Shinozaki and Yamagu-

chi-Shinozaki, 2000). In addition, our previous study also

describes transgenic potato plants expressing AtNDPK2

gene under the control of SWPA2 (referred to SN plants)

or CaMV 35S promoter (referred to EN plants), and their

enhanced tolerance to oxidative stress induced by MV,

high temperature and salt stress (Tang et al., 2008). SN

potato plants showed much less plant damage than NT

plants after MV treatment, whereas EN plants showed an

intermediate result between SN and NT plants. These data

indicated that a stress-inducible SWPA2 promoter is more

efficient than CaMV 35S promoter for the development of

stress-tolerant transgenic plants. The accumulating evi-

dence suggested that stress-inducible SWPA2 promoter is

applicable to other plant systems for the development of

stress-tolerant transgenic plants. Use of SWPA2 promoter

to conditionally induce the expression of defence genes in

several plant systems made it possible to develop trans-

genic plants with an increased tolerance to multiple stres-

ses. For example, in transgenic potato, an ectopically

expressed various defence genes including antioxidant

enzymes or osmotic protectant synthesis enzyme under

the control of SWPA2 promoter showed enhanced toler-

ance to salt, drought, heating and MV-mediated oxidative

stresses (Tang et al., 2006, 2008; Ahmad et al., 2008,

2010). Transgenic sweetpotato overexpressing antioxidant

defence genes such as CuZnSOD and APX or NDPK2 also

exhibited strong resistance to chilling, salt, drought and

MV treatment by control of SWPA2 promoter (Lim et al.,

2007; Kim et al., 2009). Moreover, in monocot plants,

overexpression of the antioxidant enzymes or drought tol-

erance proteins under the control of the SWPA2 promoter

resulted in strong stress induction of target genes, thus

transgenic tall fescue and rice plants acquired higher toler-

ance to MV, H2O2, heavy metals and drought stress (Lian

et al., 2004; Wang et al., 2005; Lee et al., 2007). There-

fore, SWPA2 promoter can regulate the expression of tar-

get genes in both monocot and dicot plants under various

stress conditions. Our present study is the first report on

the use of the SWPA2 promoter in a woody perennial spe-

cies and may be one of good example of the field perfor-

mance of transgenic trees. In this study, the expression of

AtNDPK2 and its activity in the transgenic poplar was

induced under the control of SWPA2 promoter by MV or

natural field stress conditions (Figures 1, 5 and 6). In con-

trast, the AtNDPK2 transgene was not expressed in

untreated samples (Figure 1), suggesting that expression

of the AtNDPK2 gene is strictly regulated by the SWPA2

promoter in transgenic poplar. These results suggest that

the SWPA2 promoter strictly controls expression of the At-

NDPK2 transgene in response to stress conditions in SN

poplar plants.

It is reported that transgenic poplar with modified

expression of genes involved in oxidative stress responses
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showed tolerance to oxidative stress tolerance. For exam-

ple, transgenic poplars with modified glutathione path-

ways or overexpressing the antioxidant enzymes showed

improved stress resistance (Nicolescu et al., 1996; Arisi

et al., 1998). Likewise, transgenic poplar plants that pro-

duce above normal levels of reduced glutathione are less

susceptible to photoinhibition stress than the NT plants

(Foyer et al., 1995). Recently, studies also reported that

overexpression of the horseradish peroxidase (prxC1a)

gene-enhanced peroxidase activity affects plant growth

rate and oxidative stress resistance in transgenic hybrid

aspen (Kawaoka et al., 2003). In addition, the expression

of the Vitreoscilla haemoglobin (VHb)-encoding gene in

white poplar resulted in the absence of positive effects on

plant growth, biomass production and oxidative stress tol-

erance (Zelasco et al., 2006). Therefore, our present study

is another report on enhanced oxidative stress tolerance

and growth rate using transgenic poplar and may be one

of good example of the field performance of transgenic

trees.

However, we also point to substantial differences in

the oxidative stress resistance and growth phenotype

among the five transgenic lines (Figures 2 and 4). These

differences are likely attributable to differences in NDPK

activity. Even though the NDPK activity of the transgenic

lines 6, 8 and 10 was higher than in NT plants by

approximately 1.2- to 1.4-fold (Figures 1 and 5), the lines

6, 8 and 10 plants showed a slightly higher MV tolerance

and similar growth phenotype compared with NT plants

(Figures 2 and 4). When considering the NDPK activity in

the transgenic plants, the difference between lines 3, 4

and the other lines became even less remarkable

(Figures 1 and 5). We also confirmed the low antioxidant

enzyme activity and expression levels of IAA genes in the

lines of 6, 8 and 10 of transgenic plants (Figures 3, 5

and 6). It is possible that the lack of the growth or oxida-

tive stress tolerance phenotype in lines 6, 8 and 10 plants

may be a consequence of positional effects of the gene

during the tissue culture procedure and ⁄ or threshold

effects of NDPK activity on plant development and stress

resistance.

The deployment of elite transgenic lines such as SN3

and SN4 on marginal lands, including regions that have

experienced desertification, could be a very useful remedi-

ation strategy. Examination of MDHR and GR activities,

antioxidant levels, plant redox state and CO2 fixation in

transgenic plants grown on such marginal lands will pro-

vide important information on the utility of these plants

under such circumstances.

In conclusion, we have generated transgenic poplar

expressing AtNDPK2 under the control of the oxidative

stress-inducible SWPA2 promoter by Agrobacterium-medi-

ated transformation. The overexpression of the AtNDPK2

gene in poplar plants resulted in higher antioxidant

enzyme levels and enhanced auxin-responsive gene

expression. Growth rates and resistance to oxidative stress

of transformed plants were increased under greenhouse

or field conditions. In further studies, it remains to be seen

whether the transgenic lines will show the same tenden-

cies in terms of oxidative stress protection and growth

phenotypes on marginal lands including areas character-

ized by desertification. We suggest that the overexpression

of NDPK2 in woody plants can be an efficient strategy for

producing biomass in the forestry, textile, paper industries

and biomass-dependent generation of biofuels in natural

environments.

Experimental procedures

Construction of plant expression vector

The AtNDPK2 gene construct was constructed using an oxidative-

inducible SWPA2 promoter of sweetpotato and a CaMV 35S ter-

minator sequence in the pCAMBIA2300 plant expression vector

as described previously (Kim et al., 2009).

Plant transformation and regeneration

A hybrid poplar clone (Populus alba · P. tremular var. glandulosa,

clone Hyun 3) was used for Agrobacterium-mediated transforma-

tion. The protocols for plant transformation were as described by

Choi et al. (2005b). The transformed cells were selected on an

MS medium containing 1.0 mg ⁄ L 2,4-dichlorophenoxyacetic acid

(2,4-D), 0.1 mg ⁄ L benzylaminopurine (BAP), 0.01 mg ⁄ L 1-naph-

thylacetic acid (NAA) (Murashige and Skoog, 1962), 500 mg ⁄ L
cefotaxime and 50 mg ⁄ L kanamycin. Shoots were regenerated

from the calli by transferring to Woody Plant Medium (WPM,

Lloyd and McCown, 1981) containing 1.0 mg ⁄ L zeatin, 0.1 mg ⁄ L
benzyladenine (BA) and 0.01 mg ⁄ L NAA. Throughout the experi-

ments, the cultures were maintained in a culture room at

25 ± 2 �C and provided with cool white fluorescence light

(30 lmole m)2 s)1, 16 -h photoperiod). Regenerated shoots were

transferred to MS medium containing 0.2 mg ⁄ L IBA for rooting.

The rooted plantlets were then acclimated in pots in the green-

house for 3 months before transferring them to the field.

Southern blot analysis

For Southern hybridization, genomic DNA of poplar plants was

extracted from leaves according to Kim and Hamada (2005),

digested with EcoRI (Roche, Manheim, Germany), electrophoresed

on 0.8% agarose gel and blotted onto Zeta-probe GT membrane
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(Bio-Rad, CA, USA). The blots were hybridized to a 32P-labelled

probe from the full-length AtNDPK2 cDNA. Hybridization was car-

ried out in 0.5 M sodium phosphate (pH 7.2), 7% SDS and 1 mM

EDTA at 65 �C.

Gene expression analysis

Total RNA was isolated from leaves of poplar using the TRIzol

reagent (Invitrogen, Carlsbad, CA, USA) and treated extensively

with RNase-free DNase I to remove any contaminating genomic

DNA. For quantitative expression analysis of AtNDPK2, actin and

various IAA genes in poplar plants, total RNA (2 lg) was used for

the generation of first-strand cDNA using the MMLV reverse

transcriptase an RT-PCR kit (Promega, Madison, WI, USA) in

accordance with the manufacturer’s instructions. Quantitative

real-time PCR was performed in a fluorometric thermal cycler

(DNA Engine Opticon 2, MJ Research, USA) using the EverGreen

as fluorescence dye according to the manufacturer’s instructions.

Transcript levels were calculated relative to the controls and were

expressed. Data represent means and standard errors of three

replicates. The expression levels of the AtNDPK2, actin and various

IAA genes were analysed by quantitative real-time PCR using the

gene-specific primers listed in the Table 1.

Enzyme activity assays

For analysis of the NDPK, APX, POD and CAT activities, total solu-

ble protein was extracted from the leaves of poplar plants using

an extraction buffer, and protein concentrations were determined

using the Bio-Rad protein assay (Bradford, 1976). The NDPK activ-

ity was measured using the coupled reaction method with lactate

dehydrogenase and pyruvate kinase (Yano et al., 1995; Tang

et al., 2008). NDPK activity was calculated based on the loss of

absorbance at 340 nm following the decrease in NADH. One unit

of enzyme activity was defined as 1 lmol of ADP production per

minute. The POD activity was assayed according to the method

described by Kwak et al. (1995) using pyrogallol as a substrate.

One unit of POD activity was defined as the amount of enzyme

required to form 1 mg of purpurogallin from pyrogallol in 20 s, as

measured by absorbance at 420 nm. The APX activity was

assayed according to the method by Nakano and Asada (1981)

using ascorbic acid as a substrate. The oxidation of ascorbate was

initiated by H2O2, and the decrease in absorbance at 290 nm was

monitored for 1 min 30 s. One unit of APX was defined as the

amount of enzyme oxidizing 1 mol of ascorbate per minute. The

CAT activity was assayed according to the method described by

Aebi (1984). The activity was determined by the decrease in

absorbance at 240 nm for 1 min because of H2O2 consumption.

Methyl viologen treatment and ion leakage analysis

Methyl viologen (MV) damage was analysed using leaf discs from

poplar plants. Seven leaf discs (16 mm diameter) collected from

the third leaves of plants were floated on a solution containing

0.4% (w ⁄ v) sorbitol and 1 lM MV, placed in the dark for 12 h to

allow diffusion of the MV into the leaf discs and then subjected

to continuous light (150 lmol m)2 s)1) at 25 �C. Ion leakage was

analysed according to the method by Bowler et al. (1991) with

slight modifications. The loss of cytoplasmic solutes following the

MV treatment, based on the electrical conductance of the solu-

tion, was measured with an ion conductivity meter (model 455C,

Istek Co, Seoul, Korea) and compared with the total conductivity

of the solution following tissue destruction. The extent of cellular

damage was quantified by ion leakage, which is a measure of

membrane disruption.

Quantitative analysis of H2O2

The H2O2 content was assessed with xylenol orange, in which

H2O2 is reduced by ferrous ions in an acidic solution that forms a

ferric product–xylenol orange complex, which is detected by

absorption at 560 nm (Bindschedler et al., 2001). H2O2 measure-

ments are expressed as relative values.

Measurement of plant growth

Plant growth was determined by measuring stem length from the

top of the shoot apex to the base of the stem, the diameter of

the basal part of the stem and branch number.

Analysis of photosynthetic activity and chlorophyll

content

Photosynthetic activity from the leaves was estimated by chloro-

phyll fluorescence determination of photochemical yield (Fv ⁄ Fm),

which represents the maximal yield of the photochemical reaction

Table 1 Primer sequences used in the paper for expression analysis of AtNDPK2 and various IAA genes

cDNA Forward primer Reverse primer

AtNDPK2 TGTTGTTGCTTCAGCCAGGAAG AGAGCCGAATCCCACTTGCATA

IAA1 ATCATGAAAGGGTCTGAGGCCA TTCCAGGCTTCAAAGCTCGATG

IAA2 CCAGCTGTTCGCATGAATGTTG CCCAAATGCAGGTCTTTGGAGA

IAA4 AAGGAGGGGGATTGGTTGATTG TCAAGGAGAAAAGGAGACCGCA

IAA5 ATCATGAGGATGTCCGAGGCAA AATCCAACACAAAGCCGCTGA

IAA6 GAAGACAAGGATGGCGATTGGA AAAGAGGGAATCCAGCAGGGAA

IAA7 ATGCAAGCGGCTGCGAATAA ATGGCTCTCGGTGCTGATGAAA

Actin GCCATCTCTCATCGGAATGGAA AGGGCAGTGATTTCCTTGCTCA
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on photosystem II (PSII), using a portable chlorophyll fluorescence

meter (Handy PEA, Hansatech, England) after 30 min of dark

adaptation. Chlorophyll content after salt stress was measured by

a portable chlorophyll meter (SPAD-502, Konica Minolta, Japan)

from intact fully expanded fifth leaves counted from the top of

individual plants.

Statistical analysis

Data were statistically analysed with Statistical Package for the

Social Sciences (SPSS 12). Means were separated using Duncan’s

multiple range test at P = 0.05.
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