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Abstract Glutathione (GSH), a low-molecular-

weight tripeptide molecule that plays an important role

in cell function and metabolism as an antioxidant, is

synthesized by c-glutamylcysteine synthetase and glu-

tathione synthetase. To investigate the functional role

of GSH in the adaptation of plants to abiotic stresses, we

developed Brassica juncea L. ECS (BrECS)-expressing

transgenic rice plants (BrECS1 and BrECS2) under the

regulation of a stress-inducible Rab21 promoter.

BrECS1 and BrECS2 transgenic rice plants with BrECS

overexpression tolerated high salinity by maintaining a

cellular glutathione (GSH)/glutathione disulfide redox

buffer, which prevented unnecessary membrane oxida-

tion. BrECS1 and BrECS2 rice plants also showed

lower ion leakage and higher chlorophyll-fluorescence

than wild-type (WT) rice plants in the presence of

methyl viologen (MV) and salt, resulting in enhanced

tolerance to abiotic stresses. During germination,

BrECS overexpression increased growth and develop-

ment, resulting in an increased germination rate in the

presence of salt conditions, but not under salt-free

normal conditions. Furthermore, BrECS1 and BrECS2

rice plants displayed a moderate increase in biomass

and rice grain yield under general paddy field condi-

tions when compared to WT rice plants under general

paddy field conditions. Therefore, our results suggest

that BrECS-overexpression was critical for cellular

defense from reactive oxygen species attacks produced

by salt and MV, promotion of germination, and

metabolic processes involved in natural environmental

stress tolerance, thereby enhancing growth develop-

ment and rice grain yield.
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Br Brassica juncea L.

BrECS BrECS-overexpressing transgenic

ECS Glutamylcysteine synthetase

Fv/Fm Maximum quantum yield of PSII

Mi-Jung Bae and Young-Saeng Kim contributed equally to this

work.

Electronic supplementary material The online version of
this article (doi:10.1007/s11032-013-9846-8) contains
supplementary material, which is available to authorized users.

M.-J. Bae � Y.-S. Kim � I.-S. Kim � Y.-H. Choe �
E.-J. Lee � H.-S. Yoon (&)

Department of Biology, College of Natural Sciences,

Kyungpook National University, Daegu 702-701,

South Korea

e-mail: hyoon@knu.ac.kr

M.-J. Bae

e-mail: alwjd0527@nate.com

Y.-S. Kim

e-mail: kyslhh1228@hanmail.net

Y.-H. Kim � H.-M. Park

National Institute of Crop Science, Rural Development

Administration, Suwon 441-857, South Korea

123

Mol Breeding (2013) 31:931–945

DOI 10.1007/s11032-013-9846-8

http://dx.doi.org/10.1007/s11032-013-9846-8


GS Glutathione synthetase

GSH Reduced glutathione

GSSG Oxidized glutathione

H2O2 Hydrogen peroxide

MV Methyl viologen

ROS Reactive oxygen species

WT Wild type

Introduction

Plants are constantly subjected to abiotic and biotic

stresses, including high salinity, extreme tem-

peratures, heavy metals, flooding, drought, nutrient

depletion, and pathogen infection, which affect ger-

mination, growth development, and grain production

(Foyer et al. 1994; Asada 1999). Rice (Oryza sativa L.)

is a major crop that is grown worldwide in both

tropical and temperate climate zones. These environ-

mental changes cause reactive oxygen species (ROS)-

induced oxidative stress directly and indirectly fol-

lowing disruption of redox homeostasis. Oxidative

stress leads to cellular damage such as membrane

instability by lipid oxidation, enzyme inactivation by

protein carbonylation, and DNA oxidation, which

decreases photosynthetic ability and metabolic capac-

ity, resulting in cell death (Mittler 2002; Apel and Hirt

2004). To overcome and withstand these oxidative

conditions, plants have developed a wide range of cell

rescue systems, including antioxidant molecules and

enzymes, molecular chaperones, and metabolic sol-

utes such as proline and trehalose (Singh et al. 2011).

Specifically, plants detoxify ROS by the AsA–GSH

cycle via a combination of antioxidants such as

ascorbate (AsA) and glutathione (GSH), as well as

antioxidative enzymes such as ascorbate peroxidase

(APX), monodehydroascorbate reductase (MDHAR),

and dehydroascorbate reductase (DHAR). Compo-

nents of the AsA–GSH pathway are localized in

different organelles, including chloroplasts, cytosol,

and mitochondria (Potters et al. 2002).

Among these antioxidant systems, tripeptide gluta-

thione (Glu–Cys–Gly; GSH) is one of the most crucial

metabolites in plants and is considered the most

important intracellular defense against ROS-induced

oxidative damage. This tripeptide occurs abundantly

in reduced form (GSH) in its plant tissues and is

localized in all cellular compartments such as the

cytosol, chloroplasts, mitochondria, peroxisomes,

vacuoles, endoplasmic reticulum (ER), and apoplast,

and plays a central role in several physiological

processes, including regulation of sulfur transport,

signal transduction, conjugation of metabolites, neu-

tralization of xenobiotics (Gill and Tuteja 2010), and

the expression of stress-responsive genes (i.e., PR1,

GST, GPX, CHS, PAL, SOD, etc.) in GSH-fed

suspension cells or leaves of a range of plant species

(Mullineaux and Rausch 2005). It is well established

that GSH also plays an important role in several

growth and development-related events in plants,

including cell death and senescence, cell differentia-

tion, pathogen defense, and enzyme regulation (Gill

and Tuteja 2010). In addition, GSH accumulates in

response to environmental stresses such as low

temperature, heavy metals, and oxidants in levels that

vary depending on the stress types and periods of

stress exposure (Noctor and Foyer 1998; Aravind and

Prasad 2005). In plants, GSH synthesis is mainly

mediated by two enzymes, c-glutamylcysteine syn-

thetase (c-ECS) and GSH synthetase (GS) in the

presence of amino acids and ATP. First, c-ECS

catalyzes formation of c-glutamylcysteine from Cys

and Glu; this is thought to be the rate-limiting step of

the pathway. Second, GS adds Gly to c-glutamylcys-

teine to give GSH (Gill and Tuteja 2010). As

synthesized, GSH provides a substrate for multiple

cellular reactions that yield the oxidized form (GSSG).

The balance between GSH and GSSG is a central

component in maintaining the cellular redox state.

GSH is necessary to maintain the reduced redox state

of cells so as to counteract the inhibitory effects of

ROS-induced oxidative conditions (Gill and Tuteja

2010; Szarka et al. 2012). c-ECS and GS are

upregulated in peas, tobacco, maize, and tomatoes

exposed to abiotic stresses (Rennenberg et al. 1981;

Chen and Goldsbrough 1994; Kocsy et al. 2001). In

this regard, the levels of GSH determine the capacity

of a plant to respond to stress.

Brassica species comprise the second most impor-

tant crop after rice. Brassicas are primarily used as

food and feed, but have recently gained interest as a

source of by-products such as biodiesel (Nesi et al.

2008). Brassicas are abundant in minerals (calcium,

phosphorus, and iron), fiber, phytochemicals and

antioxidant molecules such as AsA, GSH, and toc-

opherols (Goraj et al. 2012). The concentration of

antioxidative compounds such as phenolics in
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Brassica spp. is at least 30 times higher than that in

soybeans and rice (Nesi et al. 2008), which may result

from environmental conditions and their genetic

background. Currently, these compounds are of spe-

cial interest due to their antioxidant activity and

beneficial effects on human health (Francisco et al.

2012). Although numerous studies of dietary effects

have been reported, there is little information regard-

ing high solute accumulation and crop quality through

overexpression of genes involved in antioxidant

synthesis in transgenic plants.

Currently, a great deal of effort has been put into the

development of stress-resistant crop plants; however,

excessive overexpression of genes of interest can result

in metabolic abnormalities following feedback inhibi-

tion. This problem can be resolved by manipulating the

expression of regulatory genes under stress conditions.

On the other hand, although much research into the

responses of GSH to environmental stresses has been

conducted, adaptation in paddy field conditions has not

yet been investigated. Integration of physiological,

biochemical, and molecular approaches would allow

us to gain deeper insights into the role and mechanism

of GSH in adaptation or resistance to environmental

conditions. Based on this information, we demon-

strated that overexpression of the c-glutamylcysteine

synthetase gene from B. juncea L. (BrECS) under the

control of a stress-inducible responsive ABA protein

21 (Rab21) promoter enhanced tolerance to salt and

methyl viologen (MV) and improved germination in

the presence of these compounds by minimizing

cellular damage via creation of an enhanced GSH

redox state and increased biomass and rice grain yield

under paddy field conditions. The results presented

herein provide valuable information for improving rice

grain yield under abiotic stress conditions that limit

agricultural productivity.

Materials and methods

Plasmid construction and transformation into rice

plants

Full-length cDNA (accession no. AJ563921.1) encod-

ing the ECS gene in B. juncea L. was cloned by

reverse-transcription PCR (RT-PCR) using the fol-

lowing primer set: sense, 50-GGGATCCATGGCGTT

ATTGTCTCAGGC-30; antisense, 50-GCTCGAGTC

ATCCTCAGTAAAGCAGTTC-30. The generated

cDNA was designated BrECS. The p600-Rab21 vector

was then made using the pSB11 vector (accession No.

AB027256) as a backbone, after which the cDNA was

cloned between the stress-inducible Rab21 promoter

and nos terminator using BamHI and XhoI restriction

endonucleases; this was denoted pBrECS. The nucle-

otide sequences of the stress-inducible Rab21 pro-

moter and BrECS were then determined to ensure that

the open reading frame was combined without any

frame shifts or nucleotide conversions. The complete

BrECS coding sequence contained 1,545 base pairs.

The p600-Rab21 binary vector was then introduced

into Agrobacterium strain LBA 4404, which was used

to transform rice calli produced from the scutella of

mature seeds of Oryza sativa cv. Ilmi. Agrobacterium-

mediated rice transformation was conducted as previ-

ously described (Hiei et al. 1994; Kang et al. 1998).

Plant materials and growth conditions

Seeds were surface-sterilized with 0.05 % pesticide

(Bayer CropScience, South Korea) for 24 h, rinsed

completely, and then soaked in distilled water for

4 days. Following seed germination, seedlings were

transplanted into soil and then grown in a glasshouse

(16-h light/8-h dark cycles) at 28–32 �C. Transgenic

and control wild-type (WT) rice plants were grown in

pots (two plants/pot). Four-week-old transgenic and

WT rice seedlings were subjected to 100 mM NaCl

solution for 30 days in the glasshouse and then

recovered for another 14 days by irrigation in salt-

free water. Leaves of the rice plants were then

collected at 0, 6, and 12 days after salt treatment,

frozen quickly in liquid nitrogen, and stored at –70 �C

for subsequent experiments.

DNA extraction and genotyping

About 0.5 g of leaf samples was placed into a micro-

fuge tube and finely ground, after which 500 lL of

DNA extraction buffer containing 100 mM Tris–HCl

(pH 9.0–9.5), 10 mM EDTA, and 1 M KCl was added,

and the samples were vortexed for 5 min. Sample

solutions were then incubated at 70 �C for 1 h with

vortexing every 10 min, after which 500 lL of

distilled water was added. The solutions were mixed

with shaking for 10 min and then centrifuged at

12,000 rpm for 10 min at 4 �C. The cleared
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supernatants were then transferred to a fresh microfuge

tube and used as a template for genotype PCR. PCR

was conducted using the extracted genomic DNA in a

PCR PreMix (Bioneer, South Korea). Genomic DNA

integration of the BrECS transgene with the stress-

induced promoter in transgenic rice plants was verified

using the Rab21-F (50-CCACCTTCACCTGCTTGCA

CACCA-30) and BrECS-R (50-CCCTTAGGCATGGT

GGGAATGTCC-30) primer set. The genotype PCR

conditions were as follows: initial denaturation at

94 �C for 3 min followed by 34 cycles of 94 �C for

40 s, 54 �C for 40 s, and 72 �C for 50 s and then a final

extension for 5 min at 72 �C.

RNA extraction and semi-quantitative RT-PCR

Total RNA was isolated from the leaf tissue of rice

plants. Four-week-old transgenic and WT rice seed-

lings grown in a glasshouse (16-h light/8-h dark cycles)

at 28–30 �C were subjected to 100 mM NaCl solution

for 12 days under the same conditions. Total RNA was

then extracted using TRIzol reagent (Invitrogen, USA)

according to the manufacturer’s instructions. For semi-

quantitative RT-PCR, first-strand cDNA was syn-

thesized from DNase I-treated total RNA using Super-

Script II reverse transcriptase (Invitrogen, USA)

according to the manufacturer’s instructions. To mon-

itor BrECS expression, the BrECS-F1 (50-ATGGCGT

TATTGTCTCAGGCAGG-30) and BrECS-R (50-CCC

TTAGGCATGGTGGGAATGTCC-30) primer set was

used. The rice tubulin gene with the Tub-F (50-TACC

GTGCCCTTACTGTTCC-30) and Tub-R (50-CGGTG

GAATGTCACAGACAC-30) primer set was used as a

positive housekeeping gene under the same PCR

conditions. The semi-quantitative RT-PCR conditions

were as follows: initial denaturation at 93 �C for 5 min

followed by 22–25 cycles of 93 �C for 30 s, 54 �C for

30 s, and 72 �C for 50 s, and then a final extension for

5 min at 72 �C. Semi-quantitative PCR products were

resolved on a 1.5 % agarose gel, stained with ethidium

bromide, and then photographed with a Gel Image

Analysis System (Core Bio system, South Korea).

Measurement of GSH contents

To determine the total GSH contents of rice plant

leaves (0.5 g), the leaves were frozen in liquid

nitrogen, homogenized in 5 % trichloroacetic acid,

and then centrifuged at 13,000 rpm for 20 min at 4 �C.

Total glutathione (GSH ? 2GSSG) was determined

by adding either GSH as a standard or properly diluted

samples to a reaction mixture containing 100 mM

phosphate buffer (pH 7.4), 6.3 mM EDTA, 0.6 mM

5,50-dithiol-bis-nitrobenzoic acid (DTNB), 0.3 mM

NADPH, 0.09 % 5-sulfosalicylic acid (SSA), and 1.2

units of glutathione reductase (GR) in a final volume

of 1 mL. After incubation for 20 min at room

temperature in the dark, the concentrations were

measured at 412 nm. An additional reaction was

carried out to determine the oxidized form (GSSG) of

GSH. In this reaction, any GSH present in the sample

was first removed by vortexing for 1 h at room

temperature with 0.05 % 2-vinylpyridine. Following

centrifugation, the GSSG levels were measured using

the same methods used to determine the total GSH

(Rahman et al. 2006).

MV-mediated hydroperoxide detection with DAB

staining and stress responses to H2O2

Solutions of 50 lM MV containing 0.1 % Tween-20

were sprayed onto the leaves of whole rice plants and

incubated for 12 h, after which the leaves were cut,

placed on 3,30-diaminobenzidine (DAB; 1 mg/mL)—

HCl solution (pH 3.8), incubated in a growth chamber

for 8 h at 25–28 �C, and cleaned in boiling ethanol

(96 %) for 10 min before photographing. H2O2 pro-

duced by MV is visualized as a reddish-brown

coloration (Sung and Hong 2010). Four-week-old rice

seedlings were exposed to 50 mM H2O2 for 30 days at

25–28 �C in a growth chamber (Kwon et al. 2003;

Eltayeb et al. 2007) and then photographed.

Ion leakage analysis under MV treatment

Leaves were collected from 8-week-old rice seedlings

grown in soil, after which ten leaf discs (about 1 cm)

were cut from five leaves. The leaf discs were then

immediately placed in a 10-lM MV solution in a

9.0-cm diameter Petri dish as described by Kwon et al.

(2002) and incubated in darkness for 12 h to allow for

MV diffusion, after which they were illuminated under

continuous light (150 lmoL photon m-2 s-1) at

25–28 �C. The extent of cellular membrane damage

was subsequently quantified by ion leakage from 0 to

72 h using an ion conductivity meter (model 455C;

Isteck Co., Seoul Korea). At the end of the specified

time-period, the samples were autoclaved for 15 min
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at 121 �C to release all of the solutes, after which the

conductivity of the solution was measured and used to

calculate ion leakage at different time points. The

experiments measuring damage by MV application

were repeated in triplicate.

Chlorophyll-fluorescence measurements

under stress conditions

Chlorophyll-fluorescence was estimated by the pho-

tosynthetic activity of photochemical yield (Fv/Fm),

which represents the maximum yield of the photo-

chemical reaction of photosystem II. To accomplish

this, ten leaf discs were immediately floated on

500 mM NaCl (24-well tissue culture test plate) in a

9.0-cm diameter Petri dish and incubated for 16 h at

25–28 �C under continuous light (150 lmoL pho-

ton m-2 s-1). The Fv/Fm values were then measured

as previously described (Oh et al. 2005). A Handy

Fluor Cam FC 1000-H (Photon Systems Instruments

Ltd., Brno, Czech Republic) was used to measure the

time-resolved chlorophyll-fluorescence images of the

transgenic and WT rice leaves (Nedbal et al. 2000).

Seed germination assay

Fifty seeds of two independent transgenic and WT rice

plants were selected for seed germination tests.

Briefly, healthy rice seeds were sterilized with 70 %

ethanol, rinsed thoroughly, and then soaked in deion-

ized distilled water overnight. The rice seeds were

placed in a Petri dish (9.0-cm diameter plate) and

saturated with or without 100 mM NaCl solution. The

seeds were then allowed to germinate for 3 days under

16-h light/8-h dark periods at 25–28 �C. Each test was

replicated three times. At the end of the 3 days, the

germination rate (%) was determined. The shoot

lengths were determined after 6 days of incubation at

25–28 �C.

Grain yield analysis under paddy field conditions

To measure rice yield components, rice plants were

cultivated for 30 days after germination in a glass-

house and randomly transplanted to 20 9 30 cm

spacing with a single seedling per hill in a paddy field

at the experimental field of Kyungpook National

University in the independent (2010, T2 generation)

and homozygous (2011, T3 generation) lines of the

transgenic rice plants together with WT rice plants. At

this time, WT rice plants were inserted into every plot

for comparison. Transgenic and WT rice plants were

then grown for approximately 6 months under normal

conditions in paddy fields, after which they were

harvested and threshed by hand to separate the seeds

from the vegetative parts of the rice plants. Yield

parameters were scored for 12 rice plants from each

genotype (transgenic and WT). Rice plants located at

the borders were excluded from data scoring. Unfilled

and filled grains were then taken apart, independently

counted, and weighed. The following agronomic traits

were scored: total plant biomass fresh weight (g), culm

weight (g), root fresh weight (g), number of panicles

per hill, number of spikelets per panicle, grain filling

rate (%), total grain weight (g), and weight of 1,000

grains (g). The results from two independent trans-

genic rice plants were analyzed separately and com-

pared with those of the WT rice plants.

Statistical analysis

The statistical significance of differences between

transgenic and WT rice plants in measured parameters

was tested by Student’s t test using Microsoft Excel

2007. Means were considered to be significantly

different when P values were\0.05. All experiments

were carried out at least in triplicate, and the results are

expressed as the mean ± standard deviation (SD).

Results

Integration and expression of BrECS in transgenic

rice plants

To develop BrECS-expressing transgenic rice plants,

78 independent transgenic event lines (T0 generation)

were produced in the presence of the bar gene under

control of the Cauliflower mosaic virus 35S promoter

to enable herbicide-based rice plant selection

(Fig. 1a). The 78 independent transgenic events (T0

generation) were cultivated under paddy field condi-

tions, and their progeny (T1 seeds) were harvested.

We selected 52 (T1 generation) independent event

lines among 78 (T0 generation) independent event

lines. The 52 independent transgenic event lines (T1

generation) were cultivated in a paddy field, and the

progeny (T2 seeds) were harvested. First, we
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examined the salt stress response of transgenic rice

lines. To accomplish this, a total of 5,200 (T2

generation) rice lines (52 independent rice

lines 9 100 per each subline seed) were separately

grown in small pots and treated with 100 mM NaCl

solution for 4 weeks. From these 52 (T2 generation)

transgenic lines, we selected six independent homo-

zygous salt-tolerant lines. These transgenic lines

displayed very similar phenotypes in the presence of

100 mM NaCl (Supplementary Fig. S1). However,

two transgenic rice plants (BrECS1 and BrECS2)

revealed an improved phenotype in comparison to

other transgenic rice plants (BrECS3 to BrECS6).

Thus, these two independent transgenic lines (BrECS1

and BrECS2) were mainly used for our subsequent

experiments. Subsequent genotype PCR analysis

conducted using the Rab21-F and BrECS-R primers

revealed a single band in samples of these six

independent transgenic lines, whereas no signal was

observed in WT plants, indicating that the construct

containing the Rab21 promoter and BrECS gene had

been inserted into the rice genome (Fig. 1b, and Fig.

S3, Supplementary Information). To check whether

the BrECS gene was properly expressed in the

transgenic rice plants (BrECS1 and BrECS2), semi-

quantitative RT-PCR analysis was performed using

RNA extracted from the leaves of 4-week-old BrECS1

and BrECS2 rice plants treated with 100 mM NaCl.

Transcriptional expression of BrECS increased grad-

ually in BrECS1 and BrECS2 rice plants under salt

stress conditions with time, while rice plants cultivated

under normal conditions produced no signal. How-

ever, WT rice plants produced no signal in the

presence and absence of 100 mM NaCl (Fig. 1c).

Taken together, these results indicated that BrECS was

integrated into the transgenic rice genome and effec-

tively expressed in the presence of high salinity under

control of the stress-inducible Rab21 promoter.

Stress response and glutathione redox state

in the presence of high salinity

To investigate whether BrECS overexpression was

correlated with stress tolerance in rice plants, 4-week-

old transgenic (BrECS1 and BrECS2) and WT rice

seedlings were exposed to 100 mM NaCl for 30 days

and then recovered for 14 days by irrigation with salt-

free water. Under normal conditions, there were no

differences in growth development between transgenic

and WT rice plants (data not shown). However,

Fig. 1 Components of Rab21::BrECS transgenic rice plants.

a The Rab21::BrECS plasmids consisted of the Rab21
promoter, a stress-inducible promoter linked to the BrECS
coding region, the 30 region of the potato (Solanum tuberosum)

proteinase inhibitor II gene (PinII), and a gene expression

cassette that contains the 35S promoter, the bar coding region,

and the 30 region of the Tnos terminating sequence of the

nopaline synthase gene. The entire expression cassette was

flanked by the 50 matrix attachment region (MAR) of the

chicken lysozyme gene (Oh et al. 2005). LB left border; RB right

border. b PCR analysis of genomic DNA from transgenic rice

plants to monitor BrECS gene expression. Numbers (1–16)

represent independent transgenic rice lines (BrECS1 and

BrECS2); transgenic rice lines and WT represents control WT

rice plants. c Semi-quantitative RT-PCR analysis of BrECS1,

BrECS2, and control WT rice plants after 100 mM NaCl.

BrECS1, BrECS2, and WT rice plants were subjected to

treatment with 100 mM NaCl for 12 days. Tubulin was used as

an internal control
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BrECS1 and BrECS2 rice plants grew more rapidly

under recovery conditions following salt stress than

WT rice plants (Fig. 2a). WT rice plants also showed

visual symptoms of salt-induced damage such as leaf

wilting as a result of reduced chlorophyll synthesis

capacity when compared to BrECS1 and BrECS2 rice

plants (Fig. 2a). MV is a superoxide-generating agent

that leads to oxidative stress similar to that seen in salt

stress. The superoxide anion (O2
-) is rapidly converted

into H2O2 by superoxide dismutase. Accordingly,

H2O2 accumulation was measured in MV-treated

whole stem tissues by the DAB staining method.

Under normal conditions, there was no difference in

DAB staining between transgenic and WT rice plants

(data not shown). However, the stem tissues of WT rice

plants displayed a reddish-brown coloration in the

presence of MV when compared to transgenic rice

plants (BrECS1 and BrECS2; Fig. 2b), indicating that

WT rice plants accumulated higher levels of H2O2 than

transgenic rice plants during treatment with 50 lM

MV. To investigate whether lower cellular damage and

higher stress tolerance following reduced H2O2 levels

resulting from GSH content via BrECS overexpres-

sion, the GSH redox state was estimated in the absence

or presence of 100 mM NaCl. No changes were

observed between transgenic rice plants (BrECS1

and BrECS2) and WT rice plants under normal

conditions. However, under salt stress, the GSH

redox state (GSH/GSSG) increased by approximately

1.4-fold in BrECS1 and BrECS2 rice plants, although

the GSH/GSSG ratio in WT rice plants was augmented

under salt stress (Fig. 2c). Taken together, these results

suggested that the enhanced GSH redox state through

BrECS overexpression conferred intrinsic tolerance to

ROS-induced oxidative stress by minimizing cellular

damage via improved cellular redox homeostasis.

Enhanced tolerance of transgenic rice plants

against MV-induced oxidative stresses

MV-mediated oxidative stress generates massive ROS

bursts, which affect metabolic processes and membrane

stability (Bowler et al. 1991). To evaluate the protective

effects of BrECS overexpression, ten leaf discs from

rice plants at the same stage of development were

prepared and exposed to 10 lM MV solution for 12 h in

dark conditions. There were no differences in chloro-

phyll contents under normal conditions. BrECS1 and

BrECS2 rice plants showed higher visibility of chloro-

phyll content in the presence of MV than WT rice

plants, even though chlorophyll contents decreased

visibly in both transgenic and WT rice plants under the

same conditions (Fig. 3a). BrECS1 and BrECS2 rice

plants showed significantly lower ion leakage than WT

rice plants under MV stress treatment. Although ion

leakage increased in a time-dependent manner in the

presence of MV, about 65 % of the ion content of WT

rice plants was seen at 72 h after the initiation of MV

treatment, while the ion contents of BrECS1 and

BrECS2 rice plants was reduced by 45 % under the

same conditions (Fig. 3b). These findings indicated that

Fig. 2 Salt and MV stress tolerance tests in transgenic rice

plants. a BrECS1, BrECS2, and WT rice plants were grown in a

glasshouse for 4 weeks and then treated for 30 days with

100 mM NaCl as a source of stress. b DAB staining of the leaves

from BrECS1 and BrECS2 rice plants. The leaf damage that

appeared on the leaves after spraying with 50 lM MV was

evaluated after 12 h of treatment. c The GSH/GSSG ratio of

BrECS1, BrECS2, and WT rice plants after treatment with

100 mM NaCl for 12 days. White bars correspond to before salt

treatment (normal condition); black bars correspond to after salt

treatment (stress condition). Data are expressed as the

mean ± SD of at least three replications from three independent

experiments. Bars labeled with asterisks differed significantly

between transgenic and WT rice plants at P \ 0.05 as

determined by ANOVA
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BrECS overexpression contributed to membrane sta-

bility under oxidative conditions. Based on the

observed metabolic effects, photosynthetic capacity

was also measured using chlorophyll-fluorescence

parameters (Fv/Fm) under oxidative stress. BrECS1

and BrECS2 rice plants showed higher levels of

photosynthetic efficiency than WT rice plants in the

presence of 500 mM NaCl, even though the Fv/Fm

values decreased in a time-dependent manner. The WT

rice plants showed an approximately 50 % reduction in

Fv/Fm values after treatment with 500 mM NaCl, while

BrECS1 and BrECS2 rice plants showed an approxi-

mately 35 % decrease in photosynthetic efficiency

under the same conditions (Fig. 3c). Furthermore,

BrECS1 and BrECS2 rice plants showed much better

survival than WT rice plants when 4-week-old seed-

lings were exposed to 50 mM H2O2 for 30 days

(Fig. 4). Therefore, our results showed that BrECS1

and BrECS2 rice plants exhibited improved photosyn-

thetic activity and ionic homeostasis, leading to

enhanced stress tolerance against ROS-induced oxida-

tive conditions.

Germination effects of BrECS overexpression

under salt stress

To determine whether BrECS overexpression affects

seed germination, germination tests were performed

using BrECS1, BrECS2, and WT rice seeds in the

absence or presence of 100 mM NaCl. When seeds

were incubated at 25–28 �C for 3 days under normal

conditions, there was no difference in germination rate

between BrECS1, BrECS2, and WT rice seeds.

However, BrECS1 and BrECS2 rice seeds were

rapidly germinated in the presence of 100 mM NaCl

as compared to WT rice seeds (Fig. 5a), leading to a

25 % increase in germination rate under the same

conditions (Fig. 5b). Post-germination growth was

also examined by measuring shoot length under salt

stress conditions. No changes in shoot length were

Fig. 3 Analysis of cellular damage in MV- and salt-treated leaf

discs of transgenic rice plants overexpressing BrECS under

control of the stress-inducible Rab21 promoter. a Relative ion

leakage from the leaf discs of transgenic and WT rice plants

floated on 10 lM MV solution was determined based on

measurement of electrolyte leakage over time post-treatment.

b The electrical conductivity of the MV solution was compared

with the total conductivity of the solution following tissue

destruction. c Changes in chlorophyll-fluorescence (Fv/Fm) in

BrECS1, BrECS2, and WT rice plants under 500 mM NaCl

stress conditions. All experiments were conducted under

continuous light at 150 lmoL m-2 s-1. Data are expressed as

the mean ± SD of at least three replication experiments, with

each replicate consisting of ten leaf discs. Bars labeled with

asterisks indicate significant differences between transgenic and

WT rice plants at P \ 0.05 as determined by ANOVA
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observed between transgenic and WT rice seeds under

normal conditions. However, the shoot lengths of

BrECS1 and BrECS2 rice seeds grown under 100 mM

NaCl conditions for 6 days were approximately

1.2-fold greater than those of WT rice plants (Fig. 5c).

These results indicated that BrECS overexpression

enhanced germination ability and growth develop-

ment in the presence of NaCl, but not under optimal

conditions.

Grain yield analysis in paddy field conditions

We investigated rice yield parameters in the vegetative

and reproductive stages of entire rice plants under

normal paddy field conditions. Paddy field environ-

ments during two seasons exhibited a significant

difference in mean temperature, total precipitation,

and total sunshine over the 2 years of the study period

(means for 2010 and 2011; Table S1, Supplementary

Information). Despite these significant environmental

differences in the paddy field, yield parameters in the

transgenic rice plants (BrECS1–BrECS6) increased

over the 2-year study period (mean 2010 and 2011) as

compared to WT rice plants. These results indicated

that the increase in rice yield was attributable to the

performance of the transgene and the Rab21 promoter.

Rice yield analysis was conducted at Kyungpook

National University (Gunwi campus) in South Korea

for the two study seasons (2010 and 2011), and the

following yield factors were analyzed: total plant

biomass fresh weight (TPW), culm weight (CW), root

fresh weight (RW), number of panicles per hill (NP),

number of spikelets per panicle (NSP), grain filling

rate (FR), total grain weight (TGW), and weight of

1,000 grains (1,000 GW). Overall, rice yield param-

eters of the BrECS1 and BrECS2 rice plants increased

moderately when compared to WT rice plants under

normal paddy field conditions (Fig. 6a). The results

from a trial conducted under normal paddy field

conditions in 2010 showed that most yield parameters

of the BrECS1 and BrECS2 rice plants increased by

27, 12.5, 13, 10, 16, and 18 % for TPW, RW, CW,

NSP, TGW, and NP, respectively, when compared

with control WT rice plants. The TGW of BrECS1 and

Fig. 4 Effects of H2O2 stress on BrECS1, BrECS2, and WT

rice plants. Three-week-old BrECS1, BrECS2, and WT rice

plants suffered visible differential damage to leaves after

treatment with 50 mM H2O2 in test tubes at 25–28 �C for

30 days. WT wild-type rice plants; BrECS1 and BrECS2
independent transgenic rice plants. Six independent experiments

were carried out with every replication using five rice plants of

the same line in one tube
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BrECS2 increased by about 18 and 15 %, respectively

(Fig. 6b and Fig. S2, Supplementary Information). We

also obtained similar results from our 2011 field trial

(Fig. 6c, d, and Fig. S2, Supplementary Information).

Taken together, these results showed that BrECS

overexpression improved rice grain yield and total

biomass through an increase in TGW following

enhanced TPW and NP in transgenic rice plants

(BrECS1 and BrECS2) under natural paddy field

conditions.

Discussion

Investigations of the salinity tolerance of crop plants

such as rice are urgently needed because salinity is

increasing globally at an alarming rate, threatening

agricultural production. When plants are exposed to

environmental stresses including salt, ROS accumu-

late in plant cells, where they affect cellular macro-

molecules such as lipids, proteins, DNA, and

carbohydrates. ROS have the ability to oxidize

redox-sensitive proteins directly or indirectly through

the use of molecules such as GSH (Pasqualini et al.

2001). GSH is a major non-enzymatic scavenger of

ROS due to its unique structural properties, broad

redox potential, abundance, and widespread distribu-

tion in plants (Rahman et al. 2006). GSH is catalyzed

by c-ECS and GS (Noctor et al. 1998, 2002), primarily

in the chloroplasts and cytosol of plant cells. There-

fore, we developed transgenic plants bearing chloro-

plastic BrECS (Fig. 1a). The BrECS gene was stably

integrated into the transgenic rice genome (Fig. 1b)

and was strongly expressed under the regulation of a

stress-inducible Rab21 promoter in the presence of

salt stress, but not under normal conditions (Fig. 1c).

Accordingly, Rab21 activity increased rapidly and

steadily in response to drought and salt stress in

transgenic rice plants (Huang et al. 2009; Tang et al.

2012), suggesting that the most important factor

controlling plant GSH is the activity of ECS.

BrECS overexpression in transgenic rice plants

(BrECS1 and BrECS2) increased acquired tolerance

by reducing the accumulation of toxic ROS through

improvement of the GSH redox state (GSH/GSSG;

Fig. 2) when compared to WT rice plants after

Fig. 5 Seed germination rate of BrECS1, BrECS2, and WT rice

seeds exposed to normal and salt conditions. a Rice seeds were

germinated on Petri dishes containing 0 or 100 mM NaCl

solution. BrECS1, BrECS2, and WT rice seeds showed different

germination rates on Petri dishes containing 0 or 100 mM NaCl

solution. b Effects of salt on seed germination and the

subsequent growth of the seedlings. Rice seeds were germinated

on Petri dishes containing 0 or 100 mM NaCl solution. c Shoot

lengths of BrECS1, BrECS2, and WT rice plants were measured

at 6 days. Data are expressed as the mean ± SD of at least three

replication experiments, with each replicate consisting of 50

seeds. Bars labeled with asterisks show significant differences

between transgenic and WT rice plants at P \ 0.05 as

determined by ANOVA
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exposure of rice plants to high salinity stress. More-

over, BrECS1 and BrECS2 rice plants enhanced

membrane stability by minimizing ion leakage and

photosynthetic capacity following improved Fv/Fm

values, maintaining higher chlorophyll content and

leading to stress tolerance in the presence of MV

(Fig. 3). However, there were no physiological

changes between transgenic and WT rice plants under

normal conditions. Generally, overexpression of ECS,

not GS, in plants raises GSH content by increasing flux

through the pathway. Feedback mechanisms through

which excessive accumulation of GSH inhibits its de-

novo biosynthesis have been proposed (Galant et al.

2011); however, our studies suggested that feedback

inhibition may not be a major control feature because

the GSH/GSSG ratio in transgenic rice plants with the

stress-responsive Rab21 promoter was similar to that

of WT rice plants. Conversely, salt stress reduces gas

exchange, limiting CO2 supply to the leaf (Asada 1999)

and causing over-reduction of the photosynthetic

electron transport chain (Asencio et al. 2003), thereby

producing ROS (Asada 1999). During the oxidative

stress response, GSH participates in the control of

H2O2 levels. The change in redox state (GSH/GSSG),

an indicator of cellular redox balance, during the

neutralization of H2O2 is very important in ROS

sensing events. GSH acts as an antioxidant and is

directly involved in the reduction of most active ROS

generated due to stress (Foyer and Halliwell 1976;

Romero et al. 2001). In transgenic plants, GSH, an

antioxidant, helped to withstand oxidative stress

induced by salt, drought, high light, extreme temper-

atures, ozone, and paraquat (MV) (Pastori and Trippi

1992; Gueta-Dahan et al. 1997; Kocsy et al. 2001).

Moreover, transgenic plants with a high level of GSH

exhibited stress resistance by protecting NaCl-induced

oxidative damage (Yadav et al. 2005; Huang et al.

2006). In the roots of salt-sensitive species of tomato,

decreased activities of antioxidant enzymes along with

lower GSH content and redox states were observed,

Fig. 6 Comparison of the agronomic traits of transgenic and

WT rice plants under normal paddy field conditions. Appear-

ance of the BrECS1 and BrECS2 rice plants under normal paddy

field conditions in 2010 (a) and 2011 (c). Homozygous (T2) or

(T3) lines of BrECS1, BrECS2, and WT rice plants grown under

paddy field conditions for over 6 months. Spider plots of the

agronomic traits of BrECS1 (red), BrECS2 (yellow), and

corresponding WT (blue) rice plants under normal paddy field

conditions were drawn using Microsoft Excel for study years

2010 (b) and 2011 (d). Each data point represents a percentage

of the mean values (n = 12). The mean measurements from WT

rice plants were assigned to 100 % as a reference value. TPW
total plant biomass fresh weight, CW culm weight, RW root fresh

weight, NP number of panicles per hill, NSP number of spikelets

per panicle, FR grain filling rate, TGW total grain weight, 1,000
GW 1,000 grain weight
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while the reverse was true for salt-tolerant species

(Shalata et al. 2001). Exogenous GSH injection

partially attenuated the harmful effects of salt stress

at an early stage as well as during the fruiting stage

(Foyer et al. 1997; Romero et al. 2001; Kwon et al.

2003). In this regard, GSH is an attractive target of

plant defenses against abiotic stresses. Therefore, our

results showed that improved GSH (GSH/GSSG)

homeostasis via BrECS overexpression in the regula-

tion of the Rab21 promoter provides a useful link

between environmental factors (salt, MV, and H2O2)

and the mechanism involved in physiological and

molecular adaptation processes in transgenic rice

plants, suggesting a definite role of GSH in salinity

tolerance.

When rice seeds were exposed to 100 mM NaCl,

germination rates of BrECS1 and BrECS2 rice seeds

were approximately 25 % higher than those of WT

rice seeds in the presence of salt (Fig. 5a, b), leading to

better development under the same conditions

(Fig. 5c). In contrast, there were no differences in

germination rate or shoot length between transgenic

and WT rice plants under salt-free conditions. ROS are

also generated during seed germination. To detoxify

unfavorable ROS at this stage, plant seeds rapidly

accumulate a wide range of antioxidant molecules

such as GSH, ascorbate, and tocopherols within 24 h

of the initiation of water uptake (Tommasi et al. 2001;

Simontacchi et al. 2003). For example, Chenopodium

rubrum L. seeds showed increased GSH contents that

coincided with radicle protrusion during seed germi-

nation (Dučić et al. 2003). Additionally, transgenic

tobacco plants overexpressing GSH-S-transferase

(GST) and GSH peroxidase (GPX) exhibited

improved seed germination and seedling growth in

the presence of salt associated with higher levels of

GSH when compared to WT seedlings (Roxas et al.

2000). GSH1-deficient Arabidopsis resulted in a

recessive embryo-lethal phenotype, indicating that

GSH plays an important role in seed germination

(Rausch et al. 2007). Therefore, our results suggested

that high GSH content led to improved seed germi-

nation and development in transgenic rice plants under

salt stress and contributed to increased salt tolerance.

Interestingly, BrECS-expressing transgenic rice

plants (BrECS1 and BrECS2) exhibited enhanced

vegetative and reproductive growth under natural field

conditions when compared to WT rice plants

(Fig. 6a), leading to increased rice yield (Fig. 6b).

BrECS1 and BrECS2 rice plants was showed to

increase TPW, CW, RW, NP, and NSP following the

development of shoots and roots in the vegetative

stages, leading to increased TGW at the reproductive

stage when compared with control WT rice plants

(Fig. 6b). Increased rice yield of transgenic rice plants

is likely a result of increased TPW and NP because no

changes in 1,000 GW were observed in the transgenic

rice plants. Moreover, we conducted a comparison of

the agronomic traits of the BrECS1–BrECS6 trans-

genic and WT rice plants under normal paddy field

conditions. Homozygous 2010 (T2 generation) or

2011 (T3 generation) independent transgenic lines

(n = 6) and WT rice plants were grown under paddy

field conditions for 6 months. Transgenic rice plants

(BrECS1 to BrECS6) exhibited enhanced vegetative

and reproductive growth under natural field conditions

when compared to WT rice plants (Fig. S2a, Supple-

mentary Information). The results of a normal paddy

field trial in crop years (2010 and 2011) showed that

the average yield parameters for 2010 and 2011 from

BrECS1–BrECS6 rice plants were increased by total

biomass and grain yield when compared with control

WT rice plants (Fig. S2b, Supplementary Informa-

tion). Currently, many studies are being conducted in

an attempt to improve rice yields in transgenic rice

plants using genes involved in stress signaling,

transcriptional regulation, redox regulation, osmotic

regulation, ionic balance, and cellular protection

(Wang et al. 2003; Gao et al. 2007; Ismail et al.

2007; Rao et al. 2008). However, there is little

information available on the response of rice plants

to abiotic stresses because environmental stresses are

multigenic as well as quantitative in nature. Accord-

ingly, transgenic plants with improved performance in

the presence of abiotic stresses have not yet been used

in the field. In addition, although many investigations

of the response of GSH to environmental stresses have

been conducted, there is still no firm explanation for

these responses. Our results showed that physiologi-

cal, biochemical, and molecular approaches to inves-

tigations of BrECS-overexpressing transgenic rice

plants would provide some insight into the precise

role and mechanism of GSH involved in resistance to

abiotic stresses and rice yield under paddy field

conditions.

With the development of high-efficiency Agrobac-

terium-mediated transformation of rice, T-DNA has

become a major method. Generally, T-DNA can be
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randomly and stably inserted into the plant genome,

which has made the generation of a population

saturated with insertions possible. After T-DNA

insertion, various phenotypes have been observed,

including changed growth rates, different plant stat-

ues, pollen and seed fertility, and so on. The most

common characteristics are the dwarf phenotype and

leaf-pigment mutations such as albino, pale green,

chlorine, striped, or zebra (transverse green and

chlorotic bands). Spotted leaves, leaf-morphology

mutations, and seed mortality are also found. The

T-DNA-tagged populations also carry a low frequency

of mutations in the reproductive organs, e.g.,

depressed paleae, filamentous flowers, extra glumens,

and long sterile glumens, as well as flowering-time

mutations, including early- and late-flowering pheno-

types (Jeon and An 2001; Jiang and Ramachandran

2010). However, these phenotypes (dwarf phenotype

and leaf-pigment mutations) induced by T-DNA

tagging, including somatic mutations, have not been

observed in BrECS-expressing transgenic rice plants.

Therefore, our results showed that these similar

phenotypes and rice yield increases in six homozygous

independent transgenic rice plants could be signifi-

cantly attributed to the overexpression of the BrECS

gene rather than the effect of random somatic muta-

tions. In addition, various types of abiotic stresses that

plants encounter between seedling and harvest stages

are as follows: unseasonal rain (drought and flood),

abundant and copious soil moisture or its quick retreat,

soil salinity, micronutrient (soil nutrition) shortage in

the root zone, global changes in weather patterns (low

and high temperatures, light intensity, and UV),

economic and political uncertainty, disease damage,

insect or nematode damage, and invasive threats. The

Rab21 promoter used in this study is responsive to

abscisic acid (ABA) and drought. ABA accumulates

significantly under abiotic and biotic stresses includ-

ing cold, osmotic stress (drought and NaCl), heat,

pathogen exposure, UV radiation, and excess water

generated by natural paddy field conditions (Ben-Ari

2012; Sreenivasulu et al. 2012). Based on these results,

the ABA-responsive Rab21 promoter can effectively

regulate expression of the BrECS gene throughout all

stages of plant growth, from dry seeds to vegetative

tissues to flowers under paddy field conditions.

In conclusion, our results showed that transgenic

rice plants overexpressing BrECS under control of the

stress-inducible Rab21 promoter showed increased

intrinsic tolerance to abiotic stresses (salt, MV, and

H2O2) and improved rice grain yield and biomass

under natural paddy field conditions, thereby provid-

ing a new possibility for understanding the genetics

associated with stress-resistance genes and their

contribution to plant biotechnology. Further studies

are needed to determine how regulatory networks are

correlated with physiological and molecular mecha-

nisms against abiotic stresses and environmental

conditions in transgenic rice plants.

Acknowledgments This work was supported by a grant from

the Next-Generation BioGreen21 Program (PJ008115012012),

Rural Development Administration, Republic of Korea.

References

Apel K, Hirt H (2004) Reactive oxygen species: metabolism,

oxidative stress, and signal transduction. Annu Rev Plant

Biol 55:373–399

Aravind P, Prasad MN (2005) Modulation of cadmium-induced

oxidative stress in Ceratophyllum demersum by zinc

involves ascorbate-glutathione cycle and glutathione

metabolism. Plant Physiol Biochem 43:107–116

Asada K (1999) The water–water cycle in chloroplasts: scav-

enging of active oxygens and dissipation of excess photons.

Annu Rev Plant Physiol Plant Mol Biol 50:601–639

Asencio C, Rodriguez-Aguilera JC, Ruiz-Ferrer M, Vela J,

Navas P (2003) Silencing of ubiquinone biosynthesis genes

extends life span in Caenorhabditis elegans. FASEB J

17:1135–1137

Ben-Ari G (2012) The ABA signal transduction mechanism in

commercial crops: learning from Arabidopsis. Plant Cell

Rep 31:1357–1369

Bowler C, Slooten L, Vandenbranden S, De Rycke R, Bot-

terman J, Sybesma C, Van Montagu M, Inzé D (1991)
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