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Abstract As barley is recalcitrant to transformation with

current methods, a new improved system is required to

apply genetic transformation in breeding programs. In a

previous study, we defined optimal conditions for plant

regeneration (PR) using mature embryos. This study was

conducted to establish an improved transformation system

employing the previously adjusted regeneration conditions.

Optimal DNA delivery condition for the embryogenic calli

developed from mature embryos was bombardment pres-

sure of 1,100 psi at the target distance of 6 cm. The fea-

sibility of the regeneration and DNA delivery conditions

was confirmed by developing transgenic barley plants

transformed with the Arabidopsis nucleoside diphosphate

kinase 2 (AtNDPK2) cDNA via particle bombardment of

embryogenic calli from mature embryos. Stable integration

of AtNDPK2 cDNA into barley genome was confirmed by

PCR and Southern blot analysis of AtNDPK2 transgene.

Transgenic plants showed about 10% reduction in mem-

brane damage caused by methyl viologen, indicating the

expression of AtNDPK2 transgene. The results demon-

strated that the transformation system developed in this

study employing the PR from mature embryo-derived

embryonic callus is applicable in transgenic barley pro-

duction.

Keywords Barley � Nucleoside diphosphate kinase 2 �
Transformation � Methyl viologen � Oxidative stress

Introduction

Direct delivery of DNA by particle bombardment and

Agrobacterium-mediated delivery are the two most widely

used methods for genetic transformation. Barley (Hordeum

vulgare L.) was found to be one of the most difficult crops

to transform and it was by the development of particle

bombardment method that barley was efficiently trans-

formed (Wan and Lemaux 1994; Cho et al. 1998; Harwood

et al. 2000). During the past decade, numerous reports of

transient and stable expression of exogenous genes in

barley cells and tissues have been available.

To develop barley showing high levels of tolerance to

abiotic stresses, Arabidopsis nucleoside diphosphate kinase

2 (AtNDPK2) cDNA was transformed to barley via the

particle bombardment method employing the plant regen-

eration (PR) procedure developed for mature embryo ex-

plants. NDPK is an ubiquitous enzyme in eukaryotes and

prokaryotes. It catalyzes the transfer of phosphate from

ATP to NDP, except ADP, through autophosphorylation

(Parks and Agarwal 1973). In plants, NDPKs play a key

role in the signaling of both stress and light. Transgenic

Arabidopsis plants expressing NDPK2 had lower levels of

reactive oxygen species (ROS) and showed tolerance

M. O. Um � T. I. Park � Y. J. Kim � H. Y. Seo � J. G. Kim

Honam Agricultural Research Institute,

National Institute of Crop Science, RDA,

Iksan 570-080, South Korea

S.-Y. Kwon � S.-S. Kwak

Environmental Biotechnology Research Center,

Korea Research Institute of Bioscience and Biotechnology

(KRIBB), Yuesong, Daejeon 305-806, South Korea

D.-J. Yun

Division of Applied Life Science, Gyeongsang National

University, Jinju 660-701, South Korea

S. J. Yun (&)

Division of Biological Resources Science, Institute of Rare Earth

for Biological Applications, Chonbuk National University,

Jeonju 561-756, South Korea

e-mail: sjyun@chonbuk.ac.kr

123

Plant Biotechnol Rep (2007) 1:71–77

DOI 10.1007/s11816-007-0016-5



against several environmental stresses such as cold, salt,

and hydrogen peroxide (H2O2) (Moon et al. 2003). Oxi-

dative stress derived from ROS is one of the major dam-

aging factors in plants exposed to environmental stresses.

As demonstrated by numerous transgenic plants, the

enhancement of antioxidant enzyme system could confer

plants increased tolerance to various oxidative stresses

(Kwon et al. 2002; Kim et al. 2003; Moon et al. 2003).

Objectives of this study were to establish an efficient

transformation system in barley and to develop transgenic

barley plants with abiotic stress tolerance, deriving from

Arabidopsis NDPK2 cDNA.

Materials and methods

Plant materials and culture conditions

Two barley varieties, Dooweonchapssalbori and Igri, were

cultivated in the fields at the Honam Agricultural Research

Institute, NICS, Korea, and harvested seeds were used for

embryonic calli preparation with mature embryos essen-

tially as described previously by Park et al. (2006).

Briefly, calli was induced by incubating mature embryonic

axis on CI medium containing 2.5 mg/l dicamba at 25�C

under dark condition for 3 weeks. Embryogenic calli was

obtained by incubating calli in CI3D medium [embryo-

genic callus (EC) medium supplemented with 3 mg/l 2,4-

D, 50 g/l maltose and solidified with 4 g/l phytagel, pH

5.7] at 25�C for 2 weeks in the dark. Plants were regen-

erated from embryogenic calli on CIS medium [shoot

induction (SI) + 1 mg/l IAA and 2 mg/l BAP, 30 g/l su-

crose, solidified with 4 g/l phytagel, pH 5.7]. Roots were

induced by incubating shoots/plantlets (3–4 cm in length)

on PR medium containing 30 g/l sucrose, no plant growth

regulators, and solidified with 4 g/l phytagel, pH 5.7

(Table 1).

Preparation of explants

Approximately ten EC clusters were pre-cultured by plac-

ing them on the callus formation medium (EC) for 1 day.

Pre-cultured embryogenic tissue was placed in the desig-

nated 2.5-cm diameter target area on EC medium supple-

mented with 3 mg/l 2,4-D.

Preparation of gold particles and bombardment

conditions

Microprojectiles (gold particle, 1.0 lm diameter) were

suspended in the solution containing 5 ll of DNA solution

(1 lg/ll). To the suspension, 50 ll of 2.5 M CaCl2 and

20 ll of 0.1 M spermidine were added, mixed thoroughly

and vortexed for 10 min. The solution was centrifuged for

1 min and the supernatant was discarded. The DNA-coated

microprojectile pellet was resuspended and used by 1 lg

DNA per shot for delivery.

All parts of the gun were thoroughly sterilized with 70%

ethanol. Pre-cultured EC cluster was bombarded, one to

two times using the Biolistic Particle Delivery System

(PDS-1000/He, Bio-Rad). The dish containing explants

was placed 60–90 mm below the rupture disk, with a gap

distance of approximately 1.0 cm and a helium pressure of

900–1,100 psi.

Vector construction and histological GUS assay

The plasmid pACT1D containing rice actin promoter-

GUS-NOS terminator (McElroy et al. 1990) was provided

by Dr Wu R. (Cornell University, USA) through Dr Ben-

nett J. (IRRI) and Dr Kim H.S. (NHAES) (Fig. 1). Bom-

barded embryogenic tissues were incubated in 5-bromo-4-

chloro-3-indolyl-b-glucuronide (X-Gluc) solution over-

Table 1 Composition of the media used for barley somatic

embryogenesis

CI EC SI PR

MS salts 1· – – 1·
B5 salts 1· – – 1·
(NH4) NO3 – 165 mg/l 165 mg/l –

KNO3 – 1,900 mg/l 1,900 mg/l –

KH2PO4 – 170 mg/l 170 mg/l –

MgSO4 7H2O – 370 mg/l 370 mg/l –

CaCl2 2H2O – 440 mg/l 440 mg/l –

MnSO4 4H2O – 16.9 mg/l 16.9 mg/l –

ZnSO4 7H2O – 8.6 mg/l 8.6 mg/l –

H3BO3 – 6.2 mg/l 6.2 mg/l –

KI – 0.82 mg/l 0.82 mg/l –

CuSO4 5H2O – 0.025 mg/l 0.025 mg/l –

Na2MoO4 2H2O – 0.025 mg/l 0.025 mg/l –

Pyridoxine HCl – 2 mg/l 2 mg/l –

Nicotinic acid – 2 mg/l 2 mg/l –

Ca panthothenate – 2 mg/l 2 mg/l –

Biotin – 0.02 mg/l 0.02 mg/l –

Na pyruvate – 10 mg/l 10 mg/l –

FeNa2EDTA 2H2O – 40 mg/l 40 mg/l –

Thyamine HCl 1 mg/l 0.4 mg/l 0.4 mg/l –

Citric acid – 10 mg/l 10 mg/l –

Casein hydrolysate 1 g/l 300 mg/l 300 mg/l –

Myo inositol 250 mg/l 2,000 mg/l 2,000 mg/l –

L-glutamine – 256 mg/l 256 mg/l –

L-proline 690 mg/l 250 mg/l 250 mg/l –

CI callus induction, EC embryogenic callus, SI shoot induction, PR
plant regeneration
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night at 37�C for histochemical GUS assay. Explants were

decolorized with two to three rinses of absolute ethanol

before microscopic evaluation.

Construction of recombinant AtNDPK2 expression

vector and selection of transgenic plants

The recombinant AtNDPK2 expression vector was driven

by the stress-inducible sweetpotato peroxidase (SWPA2)

promoter (Kim et al. 2003), and contained bar gene as a

selectable marker (Fig. 2). Two days after bombardment,

callus was transferred to selection medium [CI3D medium

supplemented with 5 mg/l phosphinothricin (PPT)] for 3

weeks in the dark. For SI, callus growing well on the

selection medium was transferred to CIS medium supple-

mented with 5 mg/l PPT for SI, and was incubated for 7–8

weeks under the light intensity of 20 lmol/m2/s, 16:8 h

photoperiod at 26�C. Subculture was conducted every 2

weeks. Plantlets obtained from the calli were transferred

for rooting to CIR medium without the selection agent,

PPT.

PCR and Southern blot analyses of AtNDPK2 transgene

PCR amplification of AtNDPK2 transgene fragment from

the T0 plants was carried out with the AtNDPK2-specific

forward (5¢- GGT GGG AGC GAC TGT AGT TAG T -3¢)
and reverse (5¢- CCT CAT TCC CTT AGC CAT GAT

GTA G -3¢) primer pairs. PCR reaction was carried out

using PreMix (Bioneer, Korea) containing 5 pM each pri-

mer and 10 ng genomic DNA. PCR was performed in a

thermal cycler for 40 cycles and a cycle was consisted of

heat denaturation (94�C, 30 s), annealing (65�C, 30 s), and

extension (72�C, 1 min) steps. Initial denaturation (94�C,

5 min) or final extension (72�C, 10 min) step was addi-

tionally performed before the first and after the last cycle of

the PCR reaction, respectively. PCR products were sepa-

rated on a 1% agarose gel, transferred and fixed onto a

nylon membrane. The membrane was hybridized with the

AtNDPK2 cDNA probe labeled using the AlkPhos kit

(Amersham Pharmacia, UK), and the hybrid DNA mole-

cules were detected with CDP-Star detection reagent

(Amersham Pharmacia).

Fig. 1 Schematic diagram of pACT1D construct containing the GUS

gene expression cassette driven by rice actin promoter (McElroy et al.

1990)

S
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n
E

c

E

c

SWPA2 pUBI BarTEV tNOS 

SN

SWPA2 : sweet potato POD promoter, TEV : tobacco etch virus 5’-UTR

Fig. 2 Structure of the NDPK2

recombinant expression vector

driven by oxidative stress-

inducible SWPA2 promoter.

Abbreviations used are: SWPA2
sweetpotato peroxidase anionic

2 promoter, pUBI maize

ubiquitin promoter, TEV
tobacco etch virus 5¢-UTR,

NDPK2, nucleoside diphosphate

kinase 2, Bar bialaphos

resistance gene
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Bioassay for stress tolerance

Tolerance to methyl viologen (MV)-induced oxidative

stress was determined for the leaf disks (0.8 cm in diam-

eter) from fully expanded leaves of plants grown for 40

days in the pots. Leaf disks were infiltrated with 0, 2, 5, 10,

and 50 lM MV, respectively. After infiltration with MV,

leaf discs were illuminated for 2 h followed by dark

incubation for 12 h (Allen 1995). Ion leakage from the leaf

discs was measured with an ion conductivity meter (Istek,

model 455C) and means ± SE of the three replicates were

obtained.

Results and discussion

Particle bombardment-mediated transformation via

somatic embryogenesis

Compact EC clusters growing on CI3D medium were se-

lected and used for bombardment. Optimal conditions for

DNA delivery by particle bombardment were established

based on histochemical transient GUS assay results (Jef-

ferson 1987; Sanford et al. 1993). When subjected to GUS

histochemical assay, the bombarded calli exhibited char-

acteristic blue cells typical of transient expression of the

GUS gene 24 h after DNA delivery. The transformed cells

appeared randomly distributed on the surface of explants.

In some cases, the entire embryonic explants stained totally

blue, and this could be a result of the diffusion of GUS

reaction products to adjacent tissues. Neither the control

explants that were not bombarded nor those that were

bombarded with microcarriers not coated with DNA

exhibited GUS expression in any cells (Fig. 3). Similar

GUS expression patterns were observed in the particle-

bombarded barley immature embryos (Harwood et al.

2000).

The transient GUS expression indicated that the target

distance and helium pressure significantly affected tran-

sient expression of the reporter gene. These findings are

similar to those reported for cowpea and barley (Kon-

onowicz et al. 1997; King and Kasha 1994; Harwood et al.

2000). The interaction between the bombardment pressure

and target distance showed that the higher the pressure and

the shorter the target distance, the higher the GUS

expression. Highest GUS expression was obtained at the

pressure of 1,100 psi and the target distance of 6 cm (Ta-

ble 2).

To ascertain optimal selection conditions, PPT levels

ranging from 3 to 6 mg/l were tested, and selection was

performed after 4 weeks of culture essentially as described

by Wan and Lemaux (1994) and Harwood et al. (2000).

About 2% of the explants survived after 4 weeks of incu-

bation on selection medium containing 5 mg/l PPT (Ta-

ble 3).

Having established a PR system using mature embryos

and set DNA delivery conditions by particle bombardment,

transformation of barley was attempted with AtNDPK2

cDNA by particle bombardment of embryonic tissues de-

rived from mature embryos. The bombarded embryonic

tissue explants were incubated on medium containing

5 mg/l PPT to select transformed tissues. During the

selection, some calli grew vigorously, but some turned

brown. To obtain callus lines devoid of non-transformed

tissue, growing callus tissues were additionally subcultured

once or twice onto fresh selection medium until uniform

growth was obtained. Non-transgenic explants could not

form root and shoot on the PPT selection medium. How-

ever, regenerated transgenic plants were obtained from

PPT-resistant tissues through direct shooting followed by

rooting from the shoots. The plants grew normally and set

seeds. There was no significant difference in morphological

and agronomic characteristics between the transformed and

non-transformed plants (data not shown).

Fig. 3 Histochemical GUS

expression in embryogenic

tissues of barley. Explants were

incubated in X-Gluc at 37�C. a
Tissues bombarded by particles

with no plasmid (control); b–d
tissues bombarded by particles

coated with the plasmid

containing GUS gene

Table 2 Effect of microcarrier travel distance and helium pressure

on GUS expression 24 h after bombardmenta

Microcarrier

travel distance

(cm)

Helium

pressure

(psi)

Number of

assayed

calli

Percentage

of GUS positive

calli (%)

6 900 50 80 ± 3.4

6 1,100 50 82 ± 2.1

9 900 50 42 ± 1.2

9 1,100 50 68 ± 2.3

a GUS expression in callus from embryos of barley bombarded at

different distances and helium pressure. Data are presented as mean

values of at least five different experiments ± standard error
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Confirmation of transformation by PCR and Southern

blot analyses

A total of 20 regenerated plantlets, 9 and 11 from Doow-

eonchapssalbori and Igri, respectively, were obtained from

400 callus clusters cultured on the selection medium (Ta-

ble 4). The transformed explants were successfully regen-

erated and were transferred to potting soil after acclimation

in a glasshouse. PCR was performed to confirm whether

the AtNDPK2 sequence was integrated into genomic DNA

of T0 transgenic plants with the primer pairs specifically

targeted at the AtNDPK2 sequence to give a 756 bp

amplification fragment. The fragment in the expected size

was amplified from only 5 out 20 PPT-resistant plants. No

DNA fragment was amplified from the control plants

(Fig. 4). It was reconfirmed whether the amplified frag-

ments were from the AtNDPK2 transgene sequence by

Southern blot analysis for the amplified fragment. A hybrid

band in the same size as the amplified DNA fragment was

detected from four, one from Dooweonchapssalbori and

three from Igri, out of the five PCR-positive plants (Fig. 4).

These results indicate the stable integration of AtNDPK2

sequence into the barley genome. However, the transfor-

mation frequency was extremely low, at 0.05 and 0.15%

for Dooweonchapssalbori and Igri, respectively (Table 4).

This transformation frequency is estimated to be lower than

that reported by Wan and Lemaux (1994) and Sharma et al.

(2005) although no direct comparisons could be made

among the experiments due to the nature of the data pre-

sented. Transformation frequency could be affected by

many factors such as genotypes, explant types, medium

compositions, and hormone combinations.

Enhanced tolerance of transgenic plant against methyl

viologen-induced oxidative stress

The stress tolerance of PPT-resistant transgenic plants to

MV-induced oxidative stress was evaluated using a leaf

disc incubation method. Ten leaf discs were incubated in 0,

2, 5, 10, and 50 lM MV solutions under the light

(38 lmol m2/s) for up to 48 h. After incubation, conduc-

tivity of the incubation medium was measured to estimate

ion leakage from the leaf discs due to MV-induced mem-

brane damage. Relative ion leakage was increased in a

time- and MV concentration-dependent manner, and the

change was most sensitive between 12 and 24 h of incu-

bation in 5 lM MV (Fig. 5). Thus, 5 lM MV solution was

used to estimate MV-induced oxidative damage in trans-

genic plants.

Leaf discs of one non-transgenic (B-018) and four

transgenic plants (B-022, B-020, B-019, B-021) were

subjected to incubation in 0 and 5 lM MV under the light

for up to 48 h. Relative ion leakage of the two transgenic

lines, B-019 and B-021, was significantly lower (about

10%) than that of the non-transgenic control plant in all

incubation periods. However, the relative ion leakage of

the transgenic line B-022 was about the same as that of

non-transgenic plants (Fig. 6). This difference in the rela-

tive ion leakage between the transgenic lines could be

associated, at least in part, with the copy number, position

effect and silencing of the transgene. Further analysis of

transgene constitution and expression in the advanced

generations will result in direct evidence to explain the

difference between the transgenic lines.

Transgenic Arabidopsis plants expressing AtNDPK2 had

lower levels of ROS and showed tolerance against several

environmental stresses, such as cold, salt, and H2O2 (Moon

et al. 2003). Thus, a significant reduction in ion leakage in

the two transgenic lines could be the result of AtNDPK2

transgene in the transgenic plants. This result suggests that

AtNDPK2 could interact with barley proteins that are

phosphorylated by NDPK2, triggering H2O2-mediated

MAPK signaling in barley (Moon et al. 2003). This is

Table 3 Effects of phosphinothricin (PPT) in culture medium on the

survival of regenerated plants after 8 weeks of incubation

PPT

(mg/l)

No. of callus

clusters inoculated

No. of shoots

formated

No. of plants

survived (%)a

0 50 21 20 (40)

3 50 18 12 (24)

4 50 7 3 (6)

5 50 2 1 (2)

6 50 0 0

a Plants with roots

Table 4 Transformation efficiency from embryogenic tissues of barley treated with particle bombardment

Varieties Number of callus clusters

bombarded (A)

Number of regenerated

plantlets (%)

Number of positive explants Transformation

efficiency (B/A) (%)a

PCR Southern (B)

Dooweonchapssalbori 200 9 (0.3) 2 1 0.05

Igri 200 11 (0.4) 3 3 0.15

a Transformation efficiency is defined as the percentage of callus cluster producing at least one PPT-resistant and NDPK2-positive shoot divided

by the number of inoculated callus
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consistent with the fact that the NDPK active sites are

structurally identical, and almost all the residues involved

in the active site are fully invariant from bacteria to human

(Lascu et al. 2000). Consequently, this result indicates a

practical feasibility of developing genetic lines with en-

hanced tolerance against multiple stresses by the modula-

tion of NDPK2 gene expression in barley.

In summary, an efficient and reproducible PR system

using mature embryos was established by setting the

optimum medium composition and hormone combinations.

Conditions to deliver DNA to the embryonic calli by par-

ticle bombardment were refined by adjusting optimum

pressure and target distance for microcarrier discharge. The

reliability of the regeneration and DNA delivery conditions

were demonstrated by successfully generating transgenic

barley plants expressing AtNDPK2 gene employing the

transformation system established in this study. These

transgenic plants expressing AtNDPK2 showed enhanced

tolerance to MV-induced oxidative stress, suggesting their

potential as valuable genetic lines for improving tolerance

against multiple stresses.
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