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Abstract Scientific evidences in the literature have

shown that plants treated exogenously with micromole

concentration of hydrogen peroxide (H2O2) acquire abiotic

stress tolerance potential, without substantial disturbances

in the endogenous H2O2 pool. In this study, we enhanced

the endogenous H2O2 content of tobacco (Nicotiana

tabaccum L. cv. SR1) plants by the constitutive expression

of a glucose oxidase (GO; EC 1.1.3.4) gene of Aspergillus

niger and studied their cold tolerance level. Stable

integration and expression of GO gene in the transgenic

(T0–T2) tobacco lines were ascertained by molecular and

biochemical tests. Production of functionally competent

GO in transgenic plants was confirmed by the elevated

levels of H2O2 in the transformed tissues. When three

homozygous transgenic lines were exposed to different

chilling temperatures for 12 h, the electrolyte conductivity

was significantly lower in GO-expressing tobacco plants

than the control plants; in particular, chilling protection

was more prominent at -1�C. In addition, most transgenic

lines recovered within a week when returned to normal

culture conditions after -1�C–12 h cold stress. However,

control plants displayed symptoms of chilling injuries such

as necrosis of shoot tip, shoots and leaves, consequently

plant death. The protective effect realized in the transgenic

plants was comparable to cold-acclimatized wild tobacco.

The chilling tolerance of transgenic lines was found asso-

ciated, at least in part, with elevated levels of total anti-

oxidant content, CAT and APX activities. Based on our

findings, we predict that the transgenic expression of GO

may be deployed to improve cold tolerance potential of

higher plants.
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Abbreviations

APX Ascorbate peroxidase

CAT Catalase

FRAP Ferric reducing antioxidant power

GO Glucose oxidase

GR Glutathione reductase

ROS Reactive oxygen species

SOD Superoxide dismutase

TPTZ 2,4,6-Tri(2-pyridyl)-s-triazine

Introduction

Environmental stresses often lead to great yield losses

under various agricultural production systems. Of diverse

abiotic stresses, low temperature or chilling stress is a

pernicious problem affecting the productivity and quality

of economically valuable crops around the globe, particu-

larly in the tropical and subtropical climatic zones (Solanke
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and Sharma 2008), while temperate plants could avert the

ill-effects of extreme fluctuations in temperature. This

discrepancy is attributed to the intrinsic abilities of tem-

perate zone crops to undergo cold acclimation, a process by

which plants acquire chilling and freezing tolerance when

exposed to low non-freezing temperature for a certain

period of time (Prasad et al. 1994a; Foyer et al. 1997).

Exposure of plants to chilling temperature is often

accompanied by the excessive generation of reactive oxy-

gen species (ROS), such as superoxide radical (O2
�-),

hydrogen peroxide (H2O2), hydroxyl radical (HO�), per-

hydroxyl radical (HO2�) and singlet oxygen (1O2) in the

cell compartments (Ślesak et al. 2007). The ROS often

results in serious cellular damage and cell death, through

their damaging impact on photosystem II reaction centre

and the membrane lipids (Bowler and Fluhr 2000). In

response, to protect themselves from the ravaging effects of

ROS during chilling or other stress-related environments,

plant cells are guarded with enzymatic and non-enzymatic

antioxidant systems. The important enzymatic antioxidants

are superoxide dismutase (SOD; EC 1.15.1.1), catalase

(CAT; EC 1.11.1.6), peroxidase (POX; EC 1.11.1.7),

ascorbate peroxidase (APX; EC 1.11.1.11), glutathione

peroxidase (GPX; EC 1.11.1.9) and glutathione reductase

(GR; EC 1.6.4.2), while vitamin C (ascorbate), vitamin E

(a-tocopherol) and glutathione (GSH) are classified as non-

enzymatic antioxidants (Foyer et al. 1997; Hung et al.

2005; Ślesak et al. 2007).

The ROS, besides being toxic to cells, also mediates the

development of adaptive mechanism in plants to environ-

mental stresses (Vranová et al. 2002; Cheeseman 2007).

Among various ROS, much attention has been paid to H2O2

considering its systemic nature, relatively longer half-life

(1 ms) and potentialities to enhance biotic and abiotic stress

tolerance in plants (Bowler and Fluhr 2000; Vranová et al.

2002). H2O2 is a bifunctional signalling molecule associated

with most environmental stresses, which at higher concen-

tration is lethal to the cells, triggering a highly coordinated

cell death mechanism called programmed cell death (PCD),

whereas at sub-lethal concentration it functions as a sec-

ondary messenger and evokes stress tolerance in plants

(Prasad et al. 1994a; Neill et al. 2002). Levine et al. (1994)

were the first to show the involvement of H2O2 in signal

transduction in soybean cell cultures.

In the recent years, several studies have unequivocally

proved that exogenous pretreatment of plants with micro-

mole concentrations of H2O2 could induce tolerance to low

temperature stress (Prasad et al. 1994a, b; Foyer et al. 1997;

Yu et al. 2003; Hung et al. 2007), heat (Uchida et al. 2002),

light (Karpinski et al. 1999), salinity (Neto et al. 2005; Wahid

et al. 2007) and heavy metals (Hu et al. 2009). The observed

tolerance, in most cases, was attributed to the elevated levels

of antioxidant system (Prasad et al. 1994a; Yu et al. 2003;

Neto et al. 2005). Being a systemic signal, H2O2 can diffuse

through the cell membrane with relative ease (Neill et al.

2002); however, exogenous applications of H2O2 have not

necessarily disturbed the endogenous H2O2 pools (Yu et al.

2003). Experimental evidences also indicated that the

receptors for exogenously supplied H2O2 are different from

the receptors of endogenous H2O2 (Yu et al. 2003; Hung et al.

2005), and these receptors might have located on the abaxial

surface of leaves, thereby the H2O2 sprayed onto leaves gains

easy access to the receptors located in mesophyll cells via

stomata triggering acclimatory response in plants (Yu et al.

2003).

Therefore, we hypothesized that the endogenous H2O2

pool is independent of the exogenous H2O2 application,

and by perturbing the endogenous H2O2 pools, the sensi-

tivity of plants to chilling temperature could be manipu-

lated. By this way, the functions of H2O2 and its interaction

with other signalling compounds, both at cellular and

molecular levels, could be established. To validate this

hypothesis, we isolated the gene encoding glucose oxidase

(GO; b-D-glucose: oxygen 1-oxidoreductase, EC 1.1.3.4;

Frederick et al. 1990) from Aspergillus niger and consti-

tutively expressed it in transgenic tobacco by Agrobacte-

rium-mediated transformation. The GO catalyses the

oxidization of b-D-glucose with the help of molecular

oxygen, yielding H2O2 and gluconic acid. Previously, this

gene was used to enhance the tolerance of potato, tobacco,

cotton and rice against dreadful pathogens (Wu et al. 1995;

Murray et al. 1999; Lee et al. 2002; Kachroo et al. 2003)

and the observed resistance or tolerance was attributed to

hypersensitive response (HR; Kazan et al. 1998) and

induction of pathogenesis-related (PR) proteins (Kachroo

et al. 2003), principally through the elevated production of

endogenous H2O2. However, in all the above studies, the

GO-expressing plants have not been tested for their toler-

ance against abiotic stresses.

The objectives of the present study are (1) to ascertain

the effect of constitutive expression GO in tobacco plants

on the endogenous H2O2 levels, (2) to evaluate the trans-

genic plants for low temperature tolerance, and (3) to assay

the transgenic tobacco for changes in the antioxidative

system. The possible mechanisms by which the GO-med-

iated rise in H2O2 might mediate cold tolerance are

discussed.

Materials and methods

GO gene isolation, vector construction and tobacco

transformation

The fungal strain, A. niger var. niger van Tiehgem, used for

the isolation of GO gene was sourced from Bioresource
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Collection and Research Center (BCRC), Taiwan. Five

mycelial discs (*1.0 cm2) from 3-day-old potato dextrose

agar culture were grown in 30 ml of YPD (10 g l-1 yeast

extract, 20 g l-1 peptone, 20 g l-1 dextrose) broth at 30�C.

After 3 days, mycelial mat was collected by filtration

through cheese cloth and ground to a fine powder in liquid

nitrogen. Genomic DNA from the ground mycelium was

extracted by the method of Möller and Peltola (2001).

About 100 ng of purified DNA was subjected to poly-

merase chain reaction (PCR) amplification of the gene

encoding GO with the primer pair GOF (50-GACTAGTA

TGCAGACTCTCCTTG-30) and GOR (50-GGGTACCTC

ACTGCATGGAAGCA-30) synthesized based on the pub-

lished reports (Frederick et al. 1990; Wu et al. 1995). PCR

amplified full-length GO gene (1.82 kb) fragment with its

native 22-amino acid signal peptide sequence intact

(Frederick et al. 1990; Wu et al. 1995) was placed under

the control of cauliflower mosaic virus (CaMV) 35S con-

stitutive promoter and nopaline synthase (NOS) terminator.

To enhance the translational efficiency of GO transcript, a

synthetic 68-bp tobacco mosaic virus (TMV) omega (X)

leader sequence (Gallie and Walbot 1992) was fused

upstream of the GO gene as shown in Fig. 1a. All the sub-

cloning steps were carried out at the multiple cloning site

of pCAMBIA 1301 using the restriction sites as indicated

in Fig. 1a. The pCAMBIA 1301 in its T-DNA also carried

hygromycin phosphotransferase (hptII) gene for the selec-

tion of transformed tissues and an intron-containing GUS

(b-glucuronidase) reporter gene (gusA) for easy screening

of the transgenic plants. The resultant vector p1301-GO

was mobilized into an octopine-type Agrobacterium strain

LBA4404 by triparental mating (Ditta et al. 1980).

Tobacco (Nicotiana tabaccum L. cv. SR1) transformation

was done with leaf discs, according to Horsch et al. (1985).

Transgene integration in the primary (T0) transformants

was confirmed by histochemical test for GUS expression

(Jefferson 1987) and PCR for GO gene at the rooting stage.

Maintenance of transgenic plants

Putative (T0) transformants presenting normal shoot and

root developments following Agrobacterium infection of

leaf discs and hygromycin (40 mg l-1) selection were

transplanted to pots filled with an organic mixture (8:1:1

ratio of peat moss: vermiculite: perlite) and kept in a

growth chamber under 16/8-h light/dark cycles at 24�C

with periodical watering and nutrient supplementation.

Seeds from six T0 putative transgenic lines (SR1GO-1, 2,

4, 5, 6 and 7) were disinfected with 10% commercial

bleach for 10 min and germinated on MS (Murashige and

Skoog 1962) basal medium containing 25 mg l-1 hygro-

mycin. After 3 weeks, hygromycin-resistant seedlings were

transplanted onto pots and maintained until seed (T1)

collection. Similarly, T1 seeds were self-pollinated to har-

vest T2 seeds. The T2 transgenic lines were tested for the

homozygosity to the introduced GO transgene, based on

their ability to germinate on hygromycin and/or stable

GUS expression, with *150 seeds for each line. Non-

transformed SR1 plants were established similarly on the

hygromycin-free medium.

Analysis of transgenic plants

Genomic Southern analysis was done with six T0 trans-

formants, whereas all biochemical and cold tolerance

studies described elsewhere were performed in T2 trans-

genic lines at four-leaf stage, *40–45 days after seed

inoculation. The amount of total protein in leaf extracts

was determined by the Protein Assay Kit (Bio-Rad, USA)

with bovine serum albumin as standards, by using a

microplate reader (VERSAmax, Molecular Devices, Cali-

fornia, USA). For colorimetric analyses, the absorbance

was measured using U-2001 spectrophotometer (Hitachi,

Tokyo, Japan). Cold treatment studies were conducted in a

Fig. 1 Transformation of tobacco (Nicotiana tabaccum L. cv. SR1)

with GO gene and analyses of transgenic plants. a Schematic diagram

of GO gene expression cassette (*3.0 kb). The full-length GO gene

(1.82 kb) with its native signal peptide (Frederick et al. 1990) was

controlled by the CaMV 35S promoter and NOS terminator. Synthetic

TMV omega leader sequence (68 bp; Gallie and Walbot 1992) was

fused to the GO transgene for efficient translation. b Southern blot

analysis of T0 tobacco transformants for GO gene integration. Lane P
positive control (p1301-GO-HindIII ? SacI digest); N non-trans-

formed SR1; 1–6 putative transgenic lines, SR1GO-1, 2, 4, 5, 6 and 7,

respectively. c Western blotting analysis of GO expression in

transgenic T2 progenies. Lane M PageRulerTM Protein Marker

(Fermentas, USA); P1–P2 2 and 5 ng of GO protein (Sigma); lanes
N and 1–6 are as given in b. The amount of GO protein on the blot in

the transgenic lanes (1–6) represents 0.003, 0.005, 0.004, 0.02, 0.007

and 0.005% of total soluble protein, respectively
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growth chamber (Model LB-FC500, Leadbiotech Instru-

ments Co., Taiwan).

Southern blot hybridization analysis

To ascertain the integration of GO gene, *10 lg of

genomic DNA extracted from tobacco leaves with Plant

Genomic DNA Purification Kit (GeneMark, Taiwan) and

5–10 ng of p1301-GO (positive control) were digested to

completion by double restriction with HindIII and SacI

(New England BioLabs, USA). Digested DNA products

were separated through 1.0% agarose gels and transferred

onto a Nytran� SuPerCharge nylon membrane (Schleicher

and Schuell, USA) with 209 SSC as a transfer buffer by

the capillary transfer method (Sambrook et al. 1989). The

blotted membrane was hybridized against 1.82-kb GO gene

probe labelled using AlkPhos Direct Labelling kit (GE

Healthcare, UK). Hybridized membrane was incubated in

AmershamTM CDP-StarTM detection reagent (GE Health-

care, UK), exposed onto Amersham HyperfilmTM ECL (GE

Healthcare, UK) and the hybridization signals were visu-

alized with Professional HC-110 Developer (Kodak, USA)

and Rapid Fixer (Ilford, USA).

Western blotting analysis

Leaf tissues (*200 mg) from GO-transformed and non-

transformed SR1 plants were homogenized in 200 ll of

ice-cold phosphate-buffered saline (PBS) in Eppendorf

tubes with a pellet pestle using acid-washed sand as an

abrasive. About 50 lg of total soluble protein fraction was

size separated by sodium dodecyl sulphate–polyacrylamide

gel (10%) electrophoresis in Ease CellTM (Favorgen, Tai-

wan) under denaturing conditions, according to Laemmli

(1970). Purified GO protein of A. niger (G0543, Sigma,

USA) was used as a positive marker.

Western blotting analysis was carried out essentially

as described by Gallagher et al. (1995). Resolved pro-

teins from the gel were transferred onto Amersham

HybondTM PVDF membrane (GE Healthcare Ltd., UK)

using a Mini Trans-Blot Cell (Bio-Rad, USA). The

blotted membrane was first probed with goat anti-GO

antibody (Biomeda Corporation, USA) followed by the

rabbit polyclonal anti-goat IgG-alkaline phosphatase

conjugate (GeneTex, Inc., Texas, USA) and the colour

development was achieved with BCIP/NBT kit (Invitro-

gen, USA). The quantity of GO protein on the western

blots was estimated by comparing to the band intensities

of known amounts (2, 5 ng) of purified GO protein of

A. niger (Sigma), with the help of Molecular Imaging

Software version 4.5.1 (Kodak, USA).

Determination of specific GO activity

Specific GO activity was determined by the method of

Murray et al. (1999). Briefly, 1.0 g of freshly collected

leaves was ground with liquid nitrogen, homogenized in

0.1 M citrate phosphate buffer (pH 5.0) and the protein

content of supernatant was determined. To *100 lg of

total protein, a reaction buffer containing 1.7 mM potas-

sium iodide (KI) and 80 mM glucose was added to a final

volume of 1.0 ml and incubated at 37�C for 20 min. The

reaction was stopped with 200 ll of H2SO4 and 200 ll of

freshly prepared 1.0% starch solution containing 0.83 mM

sodium molybdate was added to facilitate colour develop-

ment. The absorbance was read at 540 nm after 10 min.

The GO activity in plant extracts was calculated using a

calibration curve of purified GO protein (Sigma, USA).

One unit of GO activity represents the amount that can

oxidize 1.0 lM of b-D-glucose into D-gluconic acid and

H2O2 per minute at pH 5.1 and 35�C (Lee et al. 2002).

Qualitative detection of H2O2 in transgenic plants

Histochemical analyses for H2O2 production were studied

using starch–KI medium (Olson and Varner 1993; Murray

et al. 1999) and diaminobenzidine (DAB) uptake method

(Thordal-Christensen et al. 1997; Kang et al. 2003). In

starch–KI test, leaf discs or roots collected from the

tobacco lines were incubated on a solid medium (4%

starch, 0.1 M KI, 1.0 M glucose, 0.8% agarose) for 4–5 h

at room temperature for colour development. For DAB

assay, leaves were vacuum (25 cmHg) infiltrated for

30 min by dipping the petiole in 0.01% Triton X-100

solution containing 0.5 mg ml-1 DAB (Sigma, USA) and

incubated overnight in darkness. The reddish brown

staining, presumably an outcome of the peroxidase-

dependent polymerization of DAB upon reaction with

H2O2, was visualized by clearing the leaves in boiling

ethanol for 10 min.

Colorimetric estimation of H2O2 content

H2O2 content in tobacco leaves was determined according

to Wu et al. (2009). About 500 mg of leaf tissue was

extracted under ice-cold conditions with 0.1% trichloro-

acetic acid (TCA). After centrifugation (12,000 rpm/4�C/

20 min; Sigma MK-202, Germany), 0.5 ml leaf extract was

mixed with 0.5 ml of 100 mM potassium phosphate buffer

(pH 7.0) and 1 ml of 1 M KI. The reaction mixture was left

in darkness for 1 h and the H2O2 content was calculated by

measuring the absorbance at 410 nm and comparing it to a

standard graph of known amounts of H2O2 (Merck,

Germany).
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Chilling tolerance studies

Seeds of three homozygous transgenic (T2) lines SR1GO-1,

4 and 5 were germinated on MS medium with hygromycin

(25 mg l-1) and maintained in pots as described earlier.

After the first four leaves are fully expanded (*40–45-day

old), the plants were exposed to ?1, 0, -1 and -2�C for

12 h. Immediately after the treatment, electrolyte leakage

from the cold-stressed and control (24�C) plants was

measured by the method of Orlova et al. (2003). In brief,

five leaf discs (*0.6 cm2) excised from third to fourth leaf

from the growing apex of each plant were placed in a glass

tube with 10 ml distilled water, incubated on an orbital

shaker at 100 rpm for 30 min at room temperature and the

initial conductivity (I) was measured using InLab� 730

Conductivity probe (SevenEasy meter, Mettler Toledo,

USA). The leaf discs were then kept in a boiling water bath

for 10 min, cooled to room temperature and the final

conductivity (F) was measured. The percent electrolyte/ion

leakage was calculated using the formula, I/F 9 100.

Immediately after sampling for leakage test, the plants

were returned to normal growth conditions (24�C/16-h

light) and the percentage of plants recovered was recorded

after 1 week. Transgenic and non-transformed SR1 plants

grown at 24�C were used as the controls.

In order to test the effect of cold acclimation on chilling

tolerance, transgenic and non-transgenic tobacco plants

were acclimated at 8�C for 48 h before being exposed to

-1�C for 12 h and the conductivity of electrolytes and

the percentage of plant recovery were determined as

described earlier.

Antioxidant tests

Total antioxidant content by FRAP assay

Total antioxidant content of tobacco leaves was measured

by the ferric reducing antioxidant power (FRAP) assay,

following standard protocols (Szollosi and Varga 2002;

Pellegrini et al. 2003), with a few modifications. In FRAP

test, ferric-2,4,6-tri(2-pyridyl)-s-triazine (Fe3?-TPTZ)

complex was reduced to ferrous (Fe2?)-TPTZ by a reduc-

tant at low pH (3.6), thus forming an intensive blue colour

which was measured at 593 nm. Briefly, 1.0 g of leaf

material was homogenized in 4 ml of 0.1 M phosphate

buffer (pH 7.6) containing 0.1 mM EDTA under ice-cold

conditions and centrifuged at 4�C for 20 min. Immediately

after extraction, 100 ll aliquot was mixed with 1.4 ml of

pre-warmed (37�C) FRAP reagent, incubated for 30 min at

37�C and the absorbance was read at 593 nm. FRAP

reagent alone was used as the reference. Total antioxidant

content of tobacco lines was estimated from a standard

curve drawn against known concentrations of L-ascorbic

acid (Sigma, USA) and the values are expressed in

lmol ascorbic acid equivalents mg-1 protein.

Antioxidant enzyme analysis

Enzyme extract was prepared from leaves by homogeni-

zation under ice-cold conditions in 50 mM potassium

phosphate buffer (pH 7.8) containing 1% PVP and 0.1 mM

EDTA, according to Wu et al. (2009). Total SOD, CAT,

APX and GR activities were determined following Neto

et al. (2005), with a few modifications.

Total SOD activity was assayed based on its ability to

inhibit the photochemical reduction of nitro blue tetrazo-

lium chloride (NBT). About 100 ll enzyme extract was

added to a 2 ml reaction mixture containing 50 mM

phosphate buffer (pH 7.8), 0.1 lM EDTA, 13 mM methi-

onine, 75 lM NBT and 5 lM riboflavin. The reaction was

initiated by the addition of riboflavin and the mixture was

kept under 20 W fluorescent lights for 15 min. The reac-

tion mixture treated similarly without the enzyme extract

served as a control. The reaction was stopped by covering

the tubes with a black cloth and absorbance was read at

560 nm. One unit of SOD activity was defined as the

amount of enzyme required to inhibit the photoreduction of

NBT by 50% relative to the control and the activity was

expressed as units mg-1 protein.

Total CAT activity was assayed in a 2 ml reaction

mixture containing 50 mM phosphate buffer (pH 7.0),

0.1 lM EDTA, 20 mM H2O2 (Merck) and 100 ll enzyme

source. The reaction was initiated by the addition of H2O2.

The decrease in absorbance as a result of H2O2

(e = 36 M-1 cm-1) consumption by CAT was monitored

for 1 min at 240 nm. One unit of CAT can decompose

1 lmol H2O2 min-1 into water and oxygen and hence the

activity was expressed as lmol H2O2 min-1 mg-1 protein.

Total APX activity was assayed in a 2 ml reaction

mixture containing 50 mM phosphate buffer (pH 6.0),

0.1 lM EDTA, 0.5 mM ascorbate (Sigma), 1.0 mM H2O2

and 100 ll enzyme source. The reaction was initiated by

the addition of H2O2 and the change in absorbance was

recorded for 1 min at 290 nm. The APX activity was

calculated based on the rate of oxidation of ascorbate

(e = 2.8 mM-1 cm-1) and the result was expressed in

lmol ascorbic acid min-1 mg-1 protein.

Total GR activity was assayed in a 2 ml reaction mix-

ture containing 50 mM phosphate buffer (pH 7.8), 0.1 lM

EDTA, 0.05 mM NADPH (Sigma), 3.0 mM oxidized

glutathione (GSSG; Sigma) and 100 ll enzyme source.

The reaction was initiated by the addition of GSSG and the

change in absorbance was recorded for 1 min at 340 nm.

The GR activity was calculated based on the rate of oxi-

dation of NADPH (e = 6.2 mM-1 cm-1) and expressed as

lmol NADPH min-1 mg-1 protein.
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Statistical analyses

In all the biochemical and cold tolerance experiments, ten

plants each from transgenic and control group were used

and each experiment was repeated at least three times. To

compare the treatment mean values, standard error values

(SE) were calculated using Microsoft Excel software

(Microsoft Corporation, California, USA). The percentage

data were subjected to arcsine transformation and treatment

mean values were ranked by Duncan’s multiple range test

at P = 0.05 using the statistical software IRRISTAT Ver-

sion 3.1 (Biometrics Unit, International Rice Research

Institute, Manila, The Philippines).

Results

Transgenic tobacco plants expressing GO

Tobacco leaf discs following infection with Agrobacterium

harbouring p1301-GO gene construct put forth 15 inde-

pendent transformants on hygromycin containing medium.

All those plants emerged from a single leaf disc were

considered as an independent event. The putative trans-

formants (T0), as identified by GUS and PCR analyses

(data not shown), were grown on an organic mixture under

controlled (16-h light/24�C) conditions. Three transgenic

lines exhibited deleterious symptoms such as dwarfing,

poor seed development and pod filling, while two trans-

genic lines completely failed reproductive development

and become sterile. Hence, only six independent transfor-

mants (SR1GO-1, 2, 4, 5, 6 and 7) manifesting vegetative

and reproductive developments comparable to non-trans-

formed SR1 were forwarded to subsequent experiments.

All the transgenic lines were carried till T2 generation, and

the hygromycin sensitivity test and stable GUS expression

analysis identified three homozygous lines (SR1GO-1, 4

and 5) for the inserted GO cassette (data not shown).

Molecular and biochemical analyses

of transgenic plants

Southern blot hybridization analysis of HindIII ? SacI-

digested genomic DNA of T0 transformants and wild-type

SR1 with 1.82-kb GO fragment could detect *3.0-kb

signals corresponding to the GO expression cassette,

though with varying intensities, from six transgenic lines

(SR1GO-1, 2, 4, 5, 6 and 7) and the vector control

(Fig. 1b). However, such a hybridization signal was not

detected in control. The result of genomic Southern anal-

ysis was suggestive of the successful insertion of intact GO

cassette into the tobacco genome.

To know if the integrated GO expression cassette is able

to accumulate GO protein and also to estimate the relative

amount of the GO protein in T2 transgenic tobacco lines,

western blotting analysis was conducted with goat anti-GO

antibody. As shown in Fig. 1c, the GO antiserum identified

the expression of a polypeptide with an apparent molecular

weight of *75 kDa in all the six transgenic (T2) lines,

while such a protein was not seen in non-transformed plant.

Moreover, in all the transgenic lines (lanes 1–6), two dis-

crete protein bands corresponding to GO antigen were seen

close to each other (Fig. 1c). Image analysis of the western

blot showed accumulation of varying levels of GO protein,

ranging from 0.003 to 0.02% of total soluble leaf protein,

in different transgenic lines (Fig. 1c).

The GO activity in the leaves of transgenic tobacco was

determined by the colorimetric assay. The three transgenic

lines possessed *1–3 units specific GO activity mg-1

total protein (Table 1); however, no GO activity was

detected in non-transgenic control. Moreover, the specific

GO activity varied significantly between the three T2 tobacco

lines (Table 1), while such a variation was not observed

among the progenies of an individual transgenic line,

according to western blotting analysis (data not shown).

In starch–iodine assay, no colour development was

observed in control tissues, whereas elevated levels of

H2O2 in the transgenic leaves or roots were easily dis-

cernible from the blue-purple coloration of the medium

surrounding the excised tissues, after 5 h of incubation at

room temperature (Fig. 2a). In the absence of glucose in

the reaction medium, colour development was not detected

even after overnight incubation (data not shown).

DAB staining of whole leaves was done to study the

pattern of H2O2 localization and distribution. In this study,

the elevated levels of H2O2 in transgenic leaves were

indicated by the massive reddish browning around veins

and intervenal regions of entire leaf lamina, whereas only

a little staining was noticed in non-transformed leaves

(Fig. 2b). However, heavy coloration of midrib was

observed both in transgenic and control leaves. In another

Table 1 Specific GO activity and H2O2 content of the transgenic (T2)

tobacco lines

Tobacco line GO activity

(units mg-1 protein)

H2O2 content

(nmol mg-1 protein)

SR1 (control) 0.01 ± 0.02a 97.17 ± 5.80a

SR1GO-1 1.05 ± 0.13b 129.93 ± 10.06b

SR1GO-4 1.69 ± 0.24c 223.81 ± 9.10c

SR1GO-5 2.90 ± 0.12d 249.95 ± 6.26d

The values in each column represent mean ± SE of three replicates

(n = 10). In a column, mean values followed by a common letter are

not significantly different by Duncan’s multiple range test at

P = 0.05
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experiment, H2O2 content was determined colorimetrically

in leaf tissues of different tobacco lines. The assay revealed

*1–2.5 times higher H2O2 content in the transgenic lines

than that of wild-type plants (Table 1), further corrobo-

rating the results of starch–KI and DAB uptake assays

(Fig. 2). As expected, there was a corresponding increase

in H2O2 content as the specific GO activity is higher, but

the relationship was not linear (Table 1).

The results of molecular and biochemical analyses,

taken together, confirmed the stable integration and

inheritance of GO transgene, accumulation of GO protein

and increased endogenous H2O2 level in the transgenic

tobacco.

Expression of GO improves cold tolerance in tobacco

In cold tolerance studies, plants from both transgenic and

control group did not show much variation in percentage of

ion leakage, when exposed to 1�C for 12 h (Fig. 3a).

However, when the severity of chilling is increased, clear

differences were observed in the susceptibility of control

plants and the cellular damage was more prominent at

-1�C. The electrolyte leakage of non-transformed tobacco

lines approached to a damaging level (84%) at -1�C,

whereas transgenic lines showed high degree of tolerance

with only 29–39% leakage at -1�C (Fig. 3a). Consistent

with the results of electrolyte leakage measurement, merely

20% of non-transgenic SR1 exposed to -1�C for 12 h

recovered at 24�C after 1 week, while more than 90% of

the transgenic lines could recover from the cold stress and

resume normal growth (Fig. 3b). The higher sensitivity of

non-transformed plants to chilling was obvious from the

gradual decline in the percentage of plants recovered from

100% at 25�C to 80% (1�C), 60% (0�C) and 20% (-1�C)

(Fig. 3b).

The differences in the sensitivity of transgenic and non-

transgenic control plants after the exposure to -1�C–12 h

stress and 1 week recovery were displayed in Fig. 4.

Chilling-associated injuries, such as necrosis of leaves and

shoot apices, and collapsing of shoots of non-transformed

plants were readily noticeable immediately after the stress

(Fig. 4b), leading to death within a few days, usually

2–3 days after the cold stress (Fig. 4c). Though the leaves

and shoots of transgenic plants showed mild symptoms of

wilting following the stress (Fig. 4e), they could withstand

the injuries and continue normal growth once returned to

regular (24�C/16-h light) culture conditions (Fig. 4f), and

were able to complete the reproductive development (data

not shown). At -2�C, irrespective of the GO expression,

Fig. 2 Qualitative detection of H2O2 production in transgenic (T2)

tobacco. a H2O2 detected in leaf discs and roots of transgenic tobacco

on starch–KI medium (Olson and Varner 1993). An elevated level of

H2O2 around the transgenic tissues was indicated by the intensive

blue-purple coloration as a result of starch–I2 complex formation,

suggesting the expression of functionally active GO in transgenic

tobacco lines. b Distribution of H2O2 in transgenic tobacco leaves

studied by DAB uptake method (Thordal-Christensen et al. 1997).

The high level of H2O2 in leaves of transgenic tobacco was visualized

by the heavy reddish brown coloration around veins and intervenal

regions of leaf lamina Fig. 3 Cold tolerance studies in transgenic (T2) tobacco lines.

a Electrolyte leakage of plants exposed to different chilling temperature

for 12 h. b Percentage of cold-stressed plants recovered after 1 week at

24�C. Values are mean ± SE of three replicates (n = 10). Bars with

asterisk show significant differences between non-transformed and

transgenic SR1 plants by Duncan’s multiple range test at P = 0.05

Plant Cell Rep

123



however, no line could tolerate the severity of cold stress,

leading to rapid membrane damage as indicated by the cell

leakage test (Fig. 3a), and total mortality of the plants

(Fig. 3b), immediately at the end of stress or during

recovery period.

The effect of pre-acclimation of transgenic and control

plants at 8�C for 48 h on the chilling tolerance was studied

following exposure of plants to -1�C stress for 12 h. Cold

acclimation protected the non-transformed SR1 plants

effectively. The ion leakage was reduced by 60% (Fig. 5a)

and plant recovery was increased by 70% (Fig. 5b) in cold-

acclimated non-transgenic SR1 plants when compared to

non-acclimated counterparts. Furthermore, the results of

electrolyte leakage (Figs. 3a, 5a) and survival tests

(Figs. 3b, 5b) did not evidence any significant difference

between cold-acclimated and non-acclimated transgenic

plants after exposure to -1�C–12 h stress.

Total antioxidant content by FRAP assay

FRAP method was used to study the relative differences in

the total antioxidative capacities of tobacco plants. The

total antioxidant content (expressed in lmol ascorbate

equivalents mg-1 protein) was 61.5 and 76.5% higher in

the transgenic lines SR1GO-4 and SR1GO-5, respectively,

than the control plants (Table 2). In contrast, total antiox-

idant content of the line SR1GO-1 did not differ signifi-

cantly (P = 0.05) from the control (Table 2). Nevertheless,

in cold tolerance studies, this transgenic line also showed

equally effective tolerance against -1�C–12 h stress

(Fig. 3).

Antioxidant enzyme assays

To further elucidate the activities of individual component

of enzymatic antioxidant system, the transgenic lines

SR1GO-1 and SR1GO-5 accumulating varying amounts of

total antioxidants as evidenced in the FRAP assay were

subjected to biochemical analyses for the activities of SOD,

CAT, APX and GR. We found that the activity of CAT and

APX was significantly higher in the transgenic line

SR1GO-5 wherein the increase in the activity over

untransformed control was as high as 177% for CAT and

120% for APX (Table 2). However, though significant

(P = 0.05), the CAT and APX activities were only 27 and

16% higher, respectively, in SR1GO-1 than the wild-type

SR1 (Table 2). Nevertheless, the activities of SOD and GR

in the transgenic lines remained on par (P = 0.05) with the

control (Table 2).

Discussion

Glucose oxidase enzyme can generate H2O2 by the oxi-

dation of glucose in the presence of molecular oxygen.

H2O2 has the potential to enhance biotic and abiotic stress

tolerance of higher plants and its signalling roles are being

studied. The GO gene was originally isolated from A. niger

Fig. 4 Chilling tolerance of transgenic (T2) tobacco plants exposed

to -1�C for 12 h followed by recovery at 24�C for 1 week

Fig. 5 Effect of cold acclimation on chilling tolerance of tobacco

plants. a Electrolyte leakage of plants exposed to -1�C, with or

without cold acclimation (8�C–48 h), for 12 h. b Percentage of plants

recovered after 1 week at 24�C. Values are mean ± SE of three

replicates (n = 10). The bar with asterisk shows significant differ-

ences between non-acclimated and cold-acclimated SR1 plants by

Duncan’s multiple range test at P = 0.05
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and the native enzyme exists as a dimer (*150–185 kDa)

of identical subunits with each subunit having a FAD

cofactor (Frederick et al. 1990). In the past, several trans-

genic plant species expressing a fungal GO gene with

concomitant increase in the endogenous H2O2 levels were

generated and their resistance against fungal and bacterial

pathogens was demonstrated (Wu et al. 1995, Kazan et al.

1998; Lee et al. 2002; Kachroo et al. 2003). However,

existing literatures did not show any evidence on the abi-

otic stress tolerance of GO-expressing plants. In this study,

we used tobacco as a model plant to constitutively express

GO gene of A. niger and evaluated their resistance against

artificially induced cold stresses under laboratory

conditions.

Agrobacterium-mediated transformation of tobacco leaf

discs was employed to generate several transgenic tobacco

lines. Some of the transgenic lines did not comply with the

non-transgenic plants in terms of vegetative and repro-

ductive developments. Visual abnormalities accounted in

the transgenic plants include stunted shoots, impaired seed

setting, reduction in seed number per capsule and in

extreme cases showed complete sterility. Previous studies

have shown that the deleterious effects of GO expression in

transgenic plants are confined to seed germination and

reproductive phases (Murray et al. 1999; Lee et al. 2002).

Because of drastic changes in carbon metabolism at seed

germination and reproductive stages, the glucose avail-

ability increases and thereby the H2O2 accumulates above

the toxic levels, thus inhibiting embryo and seed devel-

opments (Lee et al. 2002). Apart from H2O2 toxicity, the

direct inhibitory action of gluconic acid released as a

byproduct during the catalysis of glucose by GO may also

account for the observed abnormalities (Murray et al.

1999). However, the reason for stunting of some of the

primary tobacco transformants constitutively expressing

GO in this study is not clear. We predict that the disruption

of host gene(s) at the site(s) of transgene integration

(position effect) could be a potential cause for dwarfing of

the transgenic plants.

In our study, Southern blot hybridization analysis per-

formed with genomic DNA of putative tobacco transfor-

mants (T0) identified stable integration of an intact GO

cassette into the genome of six transgenic lines. As equi-

molar concentration of DNA was loaded in each lane, the

differences in the intensity of hybridization signals

between six transgenic lines might indicate possible vari-

ation in the transgene copies. Western blotting analysis of

transgenic plants confirmed the expression of GO protein

(*75 kDa). The results of the present study were in

accordance with the previous reports that GO gene from

A. niger contains a single open reading frame encoding a

polypeptide of 605 amino acids and molecular weight of

*75 kDa (Kelley and Reddy 1986; Frederick et al. 1990).

In addition, the GO antibody detected a second protein

band of size almost equal to the first protein product. Wu

et al. (1995) attributed this type of banding pattern to GO

protein at different states of processing like glycosylation

and cleavage of the 22-amino acid signal peptide. The

analysis of western blots with a molecular imaging soft-

ware revealed the presence of varying amounts of GO

protein in different transgenic lines. Previously, several

groups have reported accumulation of low to high levels of

GO protein in their transgenic plants (Wu et al. 1995;

Kazan et al. 1998; Murray et al. 1999; Lee et al. 2002;

Kachroo et al. 2003). This discrepancy might be due to

differences in the source of GO gene, the host plant been

transformed and the promoter system driving the transgene

expression, although several other factors such as integra-

tion locus and copy number limit the level of transgene

expression.

Colorimetric assay showed a specific GO activity of

1–3 units mg-1 protein in different transgenic lines but no

clear activity in wild-type SR1 plants. This was in agree-

ment with the report of Frederick et al. (1990) that the

plants do not possess GO activity. Though GO activity

varied considerably between different transgenic lines in

T2 generation, the variation in the GO activity among the

siblings of a transgenic line was very little because all the

Table 2 Antioxidant content of the transgenic tobacco (T2) lines at *40–45 days after the seed inoculation

Tobacco line Antioxidant content

Total antioxidants SOD CAT APX GR

SR1 (control) 37.4 ± 0.23a 5.53 ± 1.1a 12.84 ± 2.10a 0.19 ± 0.03a 0.082 ± 0.015a

SR1GO-1 39.9 ± 0.47a 5.98 ± 1.1a 16.29 ± 2.10b 0.22 ± 0.012b 0.069 ± 0.02a

SR1GO-4 60.4 ± 0.28b nt nt nt nt

SR1GO-5 66.0 ± 0.51b 6.21 ± 0.62a 35.61 ± 3.12c 0.417 ± 0.05c 0.077 ± 0.019a

The values in each column represent mean ± SE of three replicates (n = 10). In a column, mean values followed by a common letter are not

significantly different by Duncan’s multiple range test at P = 0.05. Total antioxidant content was expressed as lmol ascorbic acid equiva-

lents mg-1 protein; SOD as units mg-1 protein; CAT as lmol H2O2 min-1 mg-1 protein and APX as lmol ascorbic acid min-1 mg-1 protein

nt not tested
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three lines presumably attained homozygosity (according

to antibiotic sensitivity and stable GUS tests) for the

introduced GO cassette and thus GO expression (according

to western analysis) becomes stable. In contrast, Lee et al.

(2002) observed greater instability in the GO expression

among T2 progenies of transgenic cabbage, possibly due to

unstable inheritance of the transgene as a result of partial

silencing of the GO gene or segregation of the transgene

copies.

In order to prove that the GO protein accumulating in

transgenic tobacco is enzymatically active to yield H2O2 by

oxidizing glucose, leaf discs or roots were placed on

starch–KI medium (Olson and Varner 1993). The glucose

supply is a limiting factor in field crops (Murray et al.

1999), and therefore, glucose was supplemented to the

reaction medium to enhance the colour development.

Production of elevated levels of endogenous H2O2 was

obvious from the blue-purple coloration of the solid med-

ium surrounding the leaf discs or roots of the transgenic

lines as a result of starch–iodine complex formation. We

also found the compelling requirement of the addition of

glucose in the assay medium for the colour development,

which confirms with the report of Murray et al. (1999).

This histochemical detection method works based on the

principle that the H2O2 oxidizes the iodide into iodine,

which then complexes with starch presenting blue-purple

coloration of tissues or medium (Olson and Varner 1993).

DAB staining of the whole leaves has also suggested the

elevated H2O2 levels in transgenic plants, which was des-

ignated by the extensive reddish brown coloration of veins

and intervenal regions. The DAB upon contact with H2O2

undergoes peroxidase-dependent polymerization present-

ing a reddish brown coloration (Thordal-Christensen et al.

1997). Interestingly, the midrib of leaves from both trans-

formed and control plants also displayed heavy coloration,

presumably due to wound-induced H2O2 during sample

collection. Quantitative analysis showed 1–2.5-fold higher

H2O2 content in the leaves of transgenic plants. The H2O2

content of the transgenic lines was found to be positively

associated with the specific GO activity; however, it fol-

lowed a non-linear pattern. This discrepancy could be

attributed to subtle variations in the glucose levels of dif-

ferent transgenic lines, as suggested in previous reports

(Kazan et al. 1998; Murray et al. 1999).

Several studies have clearly demonstrated that the cel-

lular damage to plants by chilling temperature is a conse-

quence of oxidative stress (Prasad et al. 1994b; Vranová

et al. 2002; Morsy et al. 2007). Electrolyte leakage serves

as an index of degree of cellular damage during abiotic

stresses and hence, by measuring the cell conductivity, the

relative sensitivity of plants to chilling temperatures can be

evaluated. In this study, we measured the electrolyte

leakage in leaves of plants exposed to low temperature

(?1 to -2�C) for 12 h. Measurement of cellular conduc-

tivity showed clear differences in the sensitivity among

transgenic and non-transgenic tobacco lines. The threshold

level for the non-transgenic plants remained between 1 and

0�C, whereas it has extended up to -1�C for the transgenic

plants, suggesting reduced plasma membrane damage in

GO-expressing plants. Plant survival data collected after

1 week of the stress also corroborated the results of elec-

trolyte analysis and highlighted the improved cold toler-

ance levels of transgenic plants.

As a prelude to the elucidation of mechanism of

improved cold tolerance in transgenic tobacco expressing

GO, transgenic and control plants were cold acclimatized

at 8�C for 48 h and exposed to -1�C–12 h stress. Upon

cold acclimation, the cold tolerance level of non-trans-

formed plants has been significantly enhanced compared to

non-acclimated SR1 plants. This finding suggests activa-

tion of some protective mechanisms in non-transgenic SR1

plants upon exposure to non-freezing (8�C–48 h) temper-

ature. Prasad et al. (1996) reported induction of two key

antioxidant enzymes CAT 3 and POX as the early signals

leading to cold acclimation in maize seedlings. However,

acclimatory response is a complex process associated with

numerous biochemical and physiological changes and

substantial amount of knowledge was acquired in recent

years (Novillo et al. 2007; Zhu et al. 2007). Interestingly,

cold acclimation did not show significant differences in the

electrolyte conductivity and plant recovery of cold-accli-

mated and non-acclimated transgenic plants after -1�C–

12 h cold stress. These observations are intriguing, which

can be implicated to elicitation of cold acclimation-like

response in transgenic tobacco by high endogenous H2O2

due to GO expression. The mechanism of cold tolerance

conferred upon tobacco by cold acclimation or over-

expression of GO may or may not be mediated via similar

biochemical and/or molecular responses. Hence, with a

view to identifying possible regulatory system(s), trans-

genic plants were tested for their antioxidant capacities.

Antioxidants have the ability to detoxify the ROS gen-

erated during low temperature stress and protect cells from

oxidative damage (Prasad et al. 1994b; Foyer et al. 1997;

Yu et al. 2003). In this study, total antioxidant content of

the tobacco lines was estimated by FRAP method. The

higher antioxidant content (60–75%) of the two transgenic

lines SR1GO-4 and SR1GO-5 also suggested that they are

guarded from the harmful action of ROS. Another impor-

tant finding was the line SR1GO-1 with relatively same

amounts of total antioxidants as that of control also

exhibited comparatively equal protection against the

-1�C–12 h stress. These observations prompted us to

speculate, though very early, that possibly more than one

protective mechanism is operating in the transgenic lines

expressing GO; wherein accumulation of relatively high
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level of H2O2 (223.81 ± 9.10 to 249.95 ± 6.26 nmol

mg-1 protein; Table 1) in the transgenic lines SR1GO-4

and SR1GO-5 has led to the activation of antioxidant

mechanism, while low level of H2O2 (129.93 ± 10.06

nmol mg-1 protein; Table 1) in SR1GO-1 presumably

activated a mechanism unrelated to ROS scavenging sys-

tem. A more comprehensive molecular and biochemical

analyses is required for an in-depth understanding of the

precise mechanisms of cold tolerance in the GO tobacco

lines and to validate our assumptions.

To further associate the role of antioxidants with the

improved cold tolerance of GO-expressing plants, the lines

SR1GO-1 with lower and SR1GO-5 with higher total

antioxidant content were analysed for SOD, CAT, APX

and GR activities. These enzymes are implicated in the

effective scavenging of ROS in higher plants. SOD dis-

mutates the superoxide radical (O2
�-) to H2O2, whereas

CAT and APX metabolize H2O2 into water. The GR

mediates the reduction of GSSG into GSH, and thereby

facilitates the regeneration of oxidized ascorbate, which

also plays an important role in ROS intoxication (Allen

1995). Hence, the specific activity of these enzymes is

crucial for the successful neutralization of ROS in plants.

Our study clearly showed very high activity of CAT and

APX in SR1GO-5 as compared to the control. Similarly,

though significantly different, the CAT and APX activities

were only 27 and 16% more, respectively, in SR1GO-1

compared to control (Table 2). So, the tolerance of trans-

genic tobacco to chilling, at least in SR1GO-5, is princi-

pally mediated by the elevated activities of CAT and APX.

But, comparable cold tolerance realized in SR1GO-1 as

that of SR1GO-5 can be explained by a low threshold level

of these two enzymatic antioxidants required for the pro-

tective effect to be reached. CAT functions as a sink for

H2O2 in cells and is a prerequisite for regulating the redox

balance under oxidative stress conditions (Willekens et al.

1997). In intact plants, CAT, located mainly in peroxi-

somes or glyoxysomes and sometimes in mitochondria

(e.g. maize), is the principal enzyme actively involved in

the scavenging of H2O2 and the left out H2O2 is quenched

by the cytosol and chloroplast bound APX, with the help of

a reductant, ascorbate (Allen 1995; Willekens et al. 1997).

Earlier studies have proved that the over-expression of a

single antioxidant gene is sufficient to confer substantial

tolerance to chilling in transgenic plants. For instance,

Matsumura et al. (2002) demonstrated chilling tolerance in

rice by the ectopic expression of a wheat CAT gene.

Similarly, Wang et al. (2005) showed over-expression of a

cytosolic APX (cAPX) in tomato to confer significant

protection against chilling and salt stresses. The tomato

plants enabled to synthesize a stress protectant glycinebe-

taine by the expression of coda, a gene encoding choline

oxidase or external application of glycinebetaine, have

shown enhanced tolerance to chilling which was found

associated with increased endogenous H2O2 accumulation

and elevated CAT activity (Park et al. 2004, 2006).

Moreover, as observed by Guo et al. (2006), the higher

activities of APX and CAT in low temperature tolerant rice

cultivars over the sensitive cultivars further suggest the

potential of these two enzymes in protecting plants from

ROS, especially against the highly dangerous, stable and

membrane diffusible H2O2.

The synergistic enhancement of two H2O2 metabolizing

enzymes in a single transgenic line will be highly benefi-

cial, considering the inherent variations in the affinities of

CAT and APX towards H2O2 (Allen 1995; Willekens et al.

1997), to completely nullify the damaging effects of H2O2.

Our results indicate that constitutive enhancement of H2O2

status in the transgenic tobacco plant has elevated the

activities of both CAT and APX, and such increase might

help the plants in the removal of excessive H2O2 evolved

during chilling and also aid in the feedback removal of

H2O2 generated by the constitutive expression of GO.

Otherwise, being strongly reactive, H2O2 may react with

metal ions to yield extremely reactive HO�, thus causing

irreversible damage to membrane lipids and cell structure.

Therefore, the H2O2 content of the GO transgenic lines

(Table 1), in real sense, should be exclusive of the H2O2

catabolized by CAT and APX. Though CAT and APX

activities remained high in the transgenic tobacco, SOD

and GR activities did not differ significantly from the

control (Table 2). Although the expression of SOD pro-

vides additional protection by scavenging O2
�- and sub-

stantial success against oxidative damage was achieved in

transgenic plants expressing Fe-SOD (Van Camp et al.

1996), SOD expression is not very critical as the dismu-

tation of O2
�- into H2O2 is not a rate limiting process in the

ROS detoxification (Allen 1995).

Existence of feedback regulation between the antioxi-

dant enzymes is well documented in plants (Sen Gupta

et al. 1993; Allen 1995). Wang et al. (2005) reported

feedback regulation of SOD activity in transgenic tomato

expressing cAPX gene. In our study, elevated activities of

CAT and APX in the transgenic tobacco showed no

influence on the SOD activity. One possibility is that SOD,

e.g. Cu/Zn-SOD, being sensitive to H2O2 might be sup-

pressed by the elevated H2O2 levels in the transgenic

plants, as suggested by Allen (1995). To further support our

results, report of Matsumura et al. (2002) also did not

evidence any cross-regulation of APX and SOD in wheat

plants expressing CAT. These results, taken together,

highlight the fact that though the co-regulation of antiox-

idant is a common phenomenon in plants, it is not so in all

situations.

Our study demonstrated that the enhancement of

endogenous H2O2 accumulation to a non-toxic level
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(249.95 ± 6.26 nmol mg-1 protein) in the progenies of a

transgenic line SR1GO-5 greatly improved the antioxidant

system, to confer chilling tolerance. However, in this study,

the transgenic line SR1GO-1 expressing GO without much

changes in the total antioxidant system than the untrans-

formed control was also equally and effectively protected

from chilling injuries, thus making the interpretation dif-

ficult. It was experimentally proved that the external

application of sub-lethal concentration of H2O2 makes the

plants more tolerant towards a number of abiotic stresses

(Karpinski et al. 1999; Prasad et al. 1994b; Hung et al.

2007; Uchida et al. 2002; Hu et al. 2009) and the tolerance

thus observed under most stress situation was correlated to

the activation of antioxidative systems (Prasad et al. 1994a;

Yu et al. 2003; Neto et al. 2005). However, the existence of

other mechanisms differing from antioxidant system can-

not be ruled out, considering the extreme complexity of

functional network controlled by H2O2 during the devel-

opment of stress tolerance in plants (Bowler and Fluhr

2000).

To mention a few examples, León et al. (1995)

reported stimulation of salicylic acid biosynthesis in

tobacco leaves via the induction of benzoic acid

2-hydroxylase (BA2H) enzyme activity upon infiltration

with H2O2. Salicylic acid is well known for its signalling

roles in biotic and abiotic stress tolerance of plants

(Horváth et al. 2007). Recently, Hua et al. (2008) reported

that salicylic acid at low concentration could enhance the

low temperature tolerance in watermelon through the

activation of enzymatic antioxidants. The activation of

sub-components of MAP kinase cascades by diverse

stresses such as extreme temperatures, water scarcity,

salinity, mechanical injuries, plant pathogens and stress-

related compounds such as H2O2, abscisic acid, salicylic

acid and ethylene, strongly suggest the complex interplay

at intracellular level between various stress-associated

signalling molecules (Bowler and Fluhr 2000; Hancock

et al. 2006). Desikan et al. (2001) identified numerous

transcription factors regulated by H2O2 through cDNA

microarray experiments, which indicate the extensive

changes at molecular level in response to H2O2.

Involvement of calmodulin/Ca2? in downstream of H2O2-

mediated signal transduction pathway was reported (Hung

et al. 2007; Li et al. 2009). In rice, a hypothetical model

for activation of ROS-mediated low temperature respon-

sive transcription factor ROS-bZIP–as1/ocs, which func-

tions independent of ABA and CBF/DREB regulon, was

proposed (Cheng et al. 2007). All these findings point to

the conclusion that H2O2 signalling pathway is really

complex and is only being understood. In this context, the

transgenic expression of GO seems to be useful to iden-

tify some of the critical components of complex regula-

tory network involving H2O2 during the oxidative stress

and may also provide a basis for configuring adaptive

strategies for improving abiotic stress tolerance in plants.

Based on our experimental results, genetic transforma-

tion with GO appears to be a viable strategy to enhance the

low temperature tolerance of higher plants. But, a serious

limitation with the expression of GO in plants is the

abnormalities associated with the over-production of H2O2,

especially when GO is expressed under the control of a

strong constitutive promoter (Murray et al. 1999; Lee et al.

2002). This can be controlled to certain extent by

expressing the transgene under the control of a stress

inducible promoter, thus limiting the transcription of GO to

specific environmental cues. But again, as suggested by

Kazan et al. (1998), a sudden excessive accumulation of

H2O2 in response to a specific external stimulus may be

lethal to cells. For instance, owing to their high carbohy-

drate content, cabbage is more sensitive to GO accumula-

tion than tobacco (Lee et al. 2002) and, therefore, inducible

expression may prove beneficial in such cases. Hence, a

judicious selection should be made between the kind of

plant species being transformed and the promoter used to

drive the GO expression, to realize the full potential of

these transgenic plants.

In addition to the results presented here, to acquire more

details on GO-generated H2O2 and its signalling roles in

inducing low temperature tolerance in transgenic tobacco,

and also to check applicability of this system to other

abiotic stress situations, (a) the transgenic tobacco lines are

being rigorously analysed for their magnitude of chilling

tolerance at various stages of growth and development, (b)

significant changes that are occurring at molecular level are

being studied through mRNA and protein profiling of

transgenic and control plants, and (c) the transgenic lines

are undergoing testing for tolerance against heat, drought,

flooding, salinity, ozone and ultraviolet stresses.

Conclusion

Here, we demonstrate that the constitutive expression of

GO enhances the endogenous H2O2 production, which

elicits acclimatory response in transgenic tobacco to confer

chilling tolerance. The observed chilling protection of

tobacco plants is partly associated with improved antioxi-

dant system. However, the precise mechanism(s) of the

GO-controlled H2O2-mediated chilling protection remains

largely unknown and needs further investigation. The

continued accumulation of information on low tempera-

ture-associated transcripts, protein and metabolites in the

recent years is gradually expanding our knowledge on

intricate signalling network and molecular changes asso-

ciated with chilling and freezing tolerance of plants. In

these circumstances, we envision that the manipulation of
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H2O2 homeostasis in cells through the transgenic expres-

sion of GO would be useful to deciphering key functions of

this multifaceted signalling molecule during the develop-

ment of chilling tolerance and perhaps other abiotic stress

tolerance in higher plants.
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Li JH, Liu YQ, Lü P, Lin HF, Bai Y, Wang XC, Chen YL (2009)

A signaling pathway linking nitric oxide production to hetero-

trimeric G protein and hydrogen peroxide regulates extracellular

calmodulin induction of stomatal closure in Arabidopsis. Plant

Physiol 150:114–124

Matsumura T, Tabayashi N, Kamagata Y, Souma C, Saruyama H

(2002) Wheat catalase expressed in transgenic rice can improve

tolerance against low temperature stress. Physiol Plant 116:317–

327
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