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Abstract D1-pyrroline-5-carboxylate synthetase (P5CS)

is a proline biosynthetic pathway enzyme and is known for

conferring enhanced salt and drought stress in transgenics

carrying this gene in a variety of plant species; however, the

wild-type P5CS is subjected to feedback control. Therefore,

in the present study, we used a mutagenized version of this

osmoregulatory gene-P5CSF129A, which is not subjected

to feedback control, for producing transgenic indica rice

plants of cultivar Karjat-3 via Agrobacterium tumefaciens.

We have used two types of explants for this purpose,

namely mature embryo-derived callus and shoot apices.

Various parameters for transformation were optimized

including antibiotic concentration for selection, duration of

cocultivation, addition of phenolic compound, and bacterial

culture density. The resultant primary transgenic plants

showed more enhanced proline accumulation than their

non-transformed counterparts. This proline level was par-

ticularly enhanced in the transgenic plants of next genera-

tion (T1) under 150 mM NaCl stress. The higher proline

level shown by transgenic plants was associated with better

biomass production and growth performance under salt

stress and lower extent of lipid peroxidation, indicating that

overproduction of proline may have a role in counteracting

the negative effect of salt stress and higher maintenance of

cellular integrity and basic physiological processes under

stress.
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Introduction

Amongst various abiotic stresses, soil salinity is a major

stress reducing the crop productivity globally to a great

extent. Salinity is a serious problem in many coastal, arid

and irrigated rice production systems and affects the crop

production adversely (Kumar et al. 2009). However,

despite the advances in the increase of plant productivity

and resistance to a number of pests and diseases,

improvement in salt tolerance of crop plants remains elu-

sive, due to the fact that salinity affects almost every aspect

of the physiology and biochemistry of plants. The yield of

rice, especially Asian rice (sativa), is susceptible to salinity

(Munns and Tester 2008). In India and especially in coastal

rice fields of Maharashtra state, soil salinity is a major

stress that reduces the rice productivity to a great extent.

Various mechanisms have been reported to be evolved

by crop plants, particularly by rice in response to, and to
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counteract, the consequences of salinity stress including

accumulation of low molecular weight osmolytes such as

proline and glycine betaine (Hmida-Sayari et al. 2005).

Amongst these solutes, the accumulation, biosynthesis,

transportation, and role of proline during salinity stress has

been investigated thoroughly (reviewed by Kavi Kishor

et al. 2005; Verbruggen and Hermans 2008). Rapid accu-

mulation of free proline is a typical response to salt stress

(Parida et al. 2008). When exposed to drought or a high salt

content in soil, many plants have been observed to accu-

mulate high amounts of proline, in some cases several

times the sum of all other amino acids (Ali et al. 1999;

Mansour 2000). Proline acts as an osmo-protectant, and

plays an important role in osmotic balancing, protection of

sub-cellular structures, enzymes and in increasing cellular

osmolarity (turgor pressure) that provide the turgor nec-

essary for cell expansion under stress conditions (Matysik

et al. 2002; Sairam and Tyagi 2004). Proline is considered

as the only osmolyte which has been shown to scavenge

singlet oxygen, and free radicals including hydroxyl ions,

and hence stabilize proteins, DNA, as well as membrane

(Matysik et al. 2002). Proline is reported to reduce the

enzyme denaturation caused due to heat, NaCl and other

stresses. Proline also acts as a source of carbon, nitrogen

and energy during, and recovery from, stresses (Kavi

Kishor et al. 2005). Owing to these functions played by

proline, higher proline accumulation is often related with

the salt tolerance nature of plant species, and various

researchers have reported higher proline accumulation in

the salt-tolerant genotype than in their salt-sensitive

counterparts including wheat (Sairam et al. 2005), mul-

berry (Kumar et al. 2003), green gram (Misra and Gupta

2005) and sorghum (Jogeswar et al. 2006).

In the recent past, manipulations of the genes involved

in the biosynthesis of low molecular weight metabolites

(osmolytes) including mannitol (Pujni et al. 2007), glycine

betaine (Mohanty et al. 2002), and proline (Vendruscolo

et al. 2007; Yamchi et al. 2007; Bhatnagar-Mathur et al.

2009) have resulted in enhanced tolerance to salt stress in

transgenic plants. Amongst proline biosynthetic pathway

genes, D1-pyrroline-5-carboxylate synthetase (P5CS)

seems to be heavily used and its over-expression in trans-

genics showed enhanced oxidative stress tolerance driven

by drought and salt stresses. Several researchers have

demonstrated that over-expression of P5CS genes increases

proline production and confers salt tolerance in transgenics

in a number of crop plants including rice (Anoop and

Gupta 2003; Su and Wu 2004), wheat (Vendruscolo et al.

2007), potato (Hmida-Sayari et al. 2005) and tobacco

(Yamchi et al. 2007). However, P5CS, being a rate-limiting

enzyme in proline biosynthesis, is subjected to feedback

inhibition by proline, and earlier reports suggested that

proline accumulation in plants under stress might involve

the loss of feedback regulation due to a conformational

change in the P5CS protein (Hong et al. 2000). Therefore,

Hong et al. (2000) removed the feedback inhibition by

using site-directed mutagenesis to replace the Phe residue

at position 129 in P5CS from Vigna aconitifolia with an

Ala residue. The resulting mutated enzyme (P5CSF129A)

was, therefore, no longer subject to feedback inhibition.

Removal of this feedback inhibition resulted in two times

more proline accumulation in P5CSF129A transgenics as

compared to plants expressing wild-type P5CS, and this

difference was further accentuated under 200 mM NaCl

stress, and better protection of these plants from osmotic

stress was observed (Hong et al. 2000). However, in spite

of this fact, there are only a few reports where researchers

have used this mutated version of P5CS gene (Hong et al.

2000; Molinari et al. 2004; Bhatnagar-Mathur et al. 2009).

The present study was undertaken with two aims, the

first being to generate the transgenic indica rice plants

over-expressing P5CSF129A gene and the second to

evaluate their performance under NaCl stress. We are

reporting herein an efficient and reproducible method for

Agrobacterium-mediated transformation using callus as

well as shoot apices as targeting materials for co-cultiva-

tion and recovery of transgenic rice cultivar (cv) Karjat-3

(KJT-3), a high yielding, early maturity cv. The resultant

transgenics were evaluated for their growth performance,

proline level and lipid peroxidation both with and with-

out salt stress. This is the first report where transgenic

indica rice plants have been produced using P5CSF129A

gene.

Materials and methods

Plant transformation and selection of transformants

Agrobacterium tumefaciens strain LBA4404 harboring

binary vector pCAMBIA 1301 carrying the mutagenized

V. aconotifolia P5CS cDNA (P5CSF129A) under the con-

trol of CaMV 35S promoter was used for genetic trans-

formation of indica rice cv KJT-3. In addition, the vector

also contained the selectable marker (hptII) and reporter

(uidA) genes under the control of the same promoter.

Bacteria were grown in 10 ml of liquid yeast extract

mannitol (YEM) medium containing 50 mg l-1 kanamycin

for 24 h (dark, 28�C) on a rotary shaker at 200g. Agro-

bacteria were then pelleted by centrifugation at 4,000g for

5 min followed by resuspension in MS liquid media (pH

5.8) supplemented with 100 lM acetosyringone (AS), and

the cultures were allowed to attain an optical density (OD)

of 0.6 at A600 nm.

Mature embryo-derived callus was produced as

described earlier (Kumar et al. 2008). Briefly, the callus
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induction medium (CIM) consisted of MS (Murashige

and Skoog 1962) supplemented with 2 mg l-1 2,4-D,

500 mg l-1 proline, 500 mg l-1 casein hydrolysate,

30 g l-1 sucrose, 7 g l-1 agar and pH 5.8. The cultures

were kept in the dark for 4 weeks and then the obtained

embryogenic-like compact hard callus was used for

transformation. Callus pieces were immersed for 10–

15 min in bacterial suspension with gentle shaking and

were then dried with sterilized Whatman No. 1 filter

papers followed by transfer onto cocultivation media

consisting of CIM with 100 lM AS and incubated at

25�C in the dark for 3 days. After co-cultivation, calluses

were rinsed thoroughly with sterile distilled water con-

taining 250 mg l-1 cefotaxime, dried with sterile What-

man No. 1 filter paper and transferred onto CIM fortified

with 250 mg l-1 cefotaxime and 20 mg l-1 hygromycin

B for antibiotic selection and growth of hygromycin

resistant calli. The cultures were maintained on the same

media composition for 4 weeks and the calli were then

transferred to shoot induction medium (SIM: MS plus

4 mg l-1 Kin plus 1.0 mg l-1 NAA) containing 20 g l-1

sorbitol, 250 mg l-1 cefotaxime and 20 mg l-1 hygro-

mycin. The cultures were transferred to the same medium

excluding sorbitol after 2 weeks. The microshoots

obtained were transferred to � MS media supplemented

with 250 mg l-1 cefotaxime and 20 mg l-1 hygromycin

for rooting. Finally, the plantlets were transferred to

plastic pots containing garden soil mixed with vermiculite

and sand (1:1:1) for hardening, and subsequently trans-

ferred to green house conditions.

Three- or four-day-old shoot apices were isolated from

in vitro raised plants. Roots were removed carefully and

the shoot tip was completely cut out, leaving a shoot

approximately 4–5 mm long with a thick basal portion.

These shoot apexes were used as a targeting material for

transformation and were immersed in the bacterial sus-

pension for 5–10 min with gentle shaking. Inoculated

tissues were then dried with sterilized Whatman No. 1

filter papers and transferred to co-cultivation media con-

sisting of MS medium supplemented with 6 mg l-1

thidiazuron (TDZ) containing 100 lM AS and incubated

for 3 days (24�C, dark) for co-cultivation. After co-cul-

tivation, shoot apexes were rinsed thoroughly with

250 mg l-1 cefotaxime in sterile distilled water followed

by drying with sterile Whatman No. 1 filter paper. The

target tissues were then transferred onto MS medium

fortified with 6 mg l-1 TDZ, 250 mg l-1 cefotaxime and

30 mg l-1 hygromycin. These cultures were maintained

for 4 weeks and were then transferred to � MS media,

containing 250 mg l-1 cefotaxime and 30 mg l-1 hygro-

mycin, for rootingthe and were maintained for 2–3 weeks.

Well-rooted plantlets were hardened off to green house

conditions.

Histochemical GUS assay

Identification of transformed plant cells was done by detec-

tion of b-glucuronidase (GUS) activity with the substrate

X-Gluc. The expression of GUS was performed by using a

modified histochemical method of Jefferson et al. (1987).

The callus tissues after two cycles of antibiotic selection

were placed in GUS solution consisting of 1 mM X-Gluc

(Sigma–Aldrich, USA), 100 mM Na-phosphate buffer

solution (pH 7.0), 10 mM EDTA, 0.5 mM K3Fe(CN)6,

0.5 mM K4Fe(CN)6�3H2O and 0.1% Triton X-100 and

incubated in the dark overnight (12–18 h) at 37�C.

Molecular characterization of transformed plants

Genomic PCR was carried out using convergent primers

complementary to P5CSF129A cDNA as follows: primers

for the P5CS Gene (2.8 Kb): F: ACC ATA TGT GCT CTA

AAG GCT ATT GC; R: GCG TCG ACG AAT TCC CGA

TCT AGT AA. Total plant genomic DNA was isolated

from young leaves of control and transgenic rice plants

(T0), using GeNeiTM Ultrapure Plant Genomic DNA Prep

Kit (Bangalore Genei, India) by following the manufac-

turer’s instructions and was used as template DNA for PCR

analysis. The PCR reaction was performed using purified

genomic DNA by following the standard method

(Sambrook and Russell 2001) and the reaction was run in a

thermocycler with the following conditions: initial dena-

turation at 94�C for 5 min, denaturation at 94�C for 1 min,

annealing at 48�C for P5CS primers for 45 s and extension

at 72�C for 2 min. These steps were repeated for 30 cycles

followed by a final extension for 5 min at 72�C. Amplified

DNA fragments (10 ll of post-amplification products)

were loaded into 1.2% agarose gel, and gels were stored

after staining with ethidium bromide. The image analysis

of gels was done using the gel documentation system.

The integration of the P5CSF129A gene in transgenic

plants (T0) was confirmed by DNA gel blot hybridization

analysis. For southern hybridization analysis, 15 lg of

genomic DNA isolated from leaves of each PCR-positive

primary transgenic plant along with non-transgenic plant

was digested with EcoRI, and pCAMBIA-P5CSF129A

plasmid digested with EcoRI restriction enzyme served as

positive control. The samples were subjected to electro-

phoresis on 0.8% (w/v) agarose gel at 3 V cm-1 and

transferred to nylon membrane (Hybond N?; Amersham

Biosciences) using standard protocols (Sambrook and

Russell 2001). The membrane was UV cross-linked and

probed with a 2.8-kb P5CS coding region labeled with

[a-32P] dCTP using Megaprime Labelling System (Amer-

sham Biosciences), according to the manufacturer’s

instructions. Hybridization and washings were performed

at 65�C before autoradiography with X-ray films (Kodak).
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Molecular characterization was also carried out for

confirmation of P5CSF129A gene in T1 plants using PCR

products obtained from DNA amplified by primers specific

to hptII gene in the construct. For this purpose, seedlings

which showed the sign of hygromycin resistance and for

one seedling which started turning brown (hygromycin

sensitive) after 5 days of inoculation were used for geno-

mic DNA extraction, as described below to be used for

PCR analysis. Two convergent primers complementary to

the hptII gene were used for PCR amplification as F: GCT

GGG GCG TCG GTT TCC ACT ATC CG and R: CGC

ATA ACA GCG CTC ATT GAC TGG AG leading to a

340-bp product. The PCR amplification was done using

P5CS gene-specific primers with the annealing temperature

of 55�C.

Proline content in T0 plants

Free proline content was estimated from leaves of all five

PCR positive T0 plants independently along with the in

vitro raised non-transformed (NT) plant of KJT-3 by fol-

lowing Bates et al. (1973). The proline content was esti-

mated from fresh leaves of each plant independently and

converted to dry matter, on the basis of water content of the

sample and proline content was expressed as lg g-1 dry

weight (DW).

Segregation analysis of progeny (T1) plants

The inheritance of transgene in KJT-3 progenies was tested

using hygromycin selection. Segregation analysis was done

as described by Mohanty et al. (2002). T1 seeds, obtained

from PCR positive T0 plants were used for selection.

Twenty dehusked sterilised seeds from each transgenic line

with one seed per test tube were inoculated for germination

on MS medium for 2 days; after that the cultures were

transferred to MS medium supplemented with hygromycin.

The seedlings obtained from seeds of each of five trans-

genic lines were maintained independently. The germi-

nated seedlings were allowed to grow for 7 days under

hygromycin selection, and the survival rate was assayed on

the 7th day after inoculation. In addition, 10 dehusked,

surface sterilised seeds of non-transgenic control plants,

with 1 seed per test tube, were also inoculated on MS

medium for 1 week.

Salt stress tolerance evaluation of transgenic (T1) plants

Hygromycin resistant transgenic seedlings along with 10

non-transgenic in vitro germinated seedlings were hard-

ened to soil conditions, with 1 plant per magenta box and

assayed for their responses under NaCl stress. The hard-

ened plants were irrigated with 50 ml of Yoshida’s nutrient

solution as per their evapotranspiration demand for the first

2 weeks in greenhouse conditions. After this, the plants

were irrigated every other day with 50 ml of Yoshida’s

nutrient solution containing 150 mM NaCl for 7 days. The

plant growth as well as biochemical analyses including

proline content and lipid peroxidation was done on the 7th

day after NaCl treatment, both in NT as well as trans-

formed (T1) events.

Estimation of proline content

Free proline was estimated from fresh leaves of each

transgenic (T1) and non-transgenic plant independently by

following Bates et al. (1973).

Estimation of lipid peroxidation

The level of lipid peroxidation was measured in terms of

malondialdehyde (MDA) contents as given by Heath and

Packer (1968). Fresh samples of shoots and roots (500 mg

each) were homogenised separately in 10 ml of 0.1% tri-

chloro acetic acid (TCA). The homogenate was centrifuged

at 15,000g for 5 min, then 2 ml aliquot of supernatant was

taken and 4 ml of 0.5% thiobarbituric acid (TBA) in 20%

TCA was added into it. The mixture was heated at 95�C for

30 min, and then quickly cooled in an ice bath. After

centrifugation at 10,000g for 10 min to remove suspended

turbidity, the absorbance of supernatant was recorded at

532 nm absorbance. The value for non-specific absorption

at 600 nm was subtracted. The MDA content was calcu-

lated using its absorption coefficient of 155 mmol-1 cm-1.

Statistical analyses

The physiological data were subjected to Duncan’s multi-

ple range test (DMRT) at P B 0.05 for the comparison of

different transgenic events. All the statistical analyses were

done by using MSTATC statistical software package.

Results

Plant transformation and selection of transformants

Mature embryo-derived callus produced on CIM (Fig. 1a)

and multiple shoots regenerated from shoot apex region

(Fig. 1e) were successfully used as targeting material for

co-cultivation with A. tumefaciens. Various parameters

were optimized for efficient Agrobacterium-mediated

transformation in indica rice cv KJT-3 using P5CSF129A

gene under the control of CaMV35S. An amount of

20 mg l-1 of hygromycin B was found suitable for

selecting the putative transformants obtained through
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callus, while for shoot apexes, 30 mg l-1 concentration

was used. Similarly, the optimal concentration of Agro-

bacterium culture for transformation of rice tissues was

found to be at 0.6 OD. AS proved to be essential for

transformation of indica rice cv KJT-3 for both the tar-

geting tissues used in this investigation and 100 lM was

found to be optimal concentration, as suggested by the

GUS activities in calluses and shoots following Agrobac-

terium-mediated transformation with pCAMBIA1301-

P5CSF129A. In addition, it was observed that the addition

of AS to pre-culture medium (bacterial suspension 1 h

prior to infection) is important for efficient gene transfer.

Out of 300 callus pieces used for transformation, 20 calli

were tested for the expression of GUS reporter gene (uidA)

after two cycles of selection on CIM containing

250 mg l-1 cefotaxime and 20 mg l-1 hygromycin B.

About 40% calli showed GUS expression in the tissues

transformed by Agrobacterium indicating the integration

and expression of transgene into the host genome (Fig. 1c).

From the remaining 280 calli, 40 callus pieces were found

to be hygromycin resistant (hygR) (Fig. 1b), and following

the transfer of these calluses, 30 could regenerate into

shoots (Fig. 1d). Five shoots were albino and were trans-

ferred to rooting medium separately; however, even though

they rooted successfully, they died during acclimatization

process. The normal shoots (excluding albino) grown on

hygromycin selection medium were transferred to � MS

for rooting. Well-developed roots were observed in 20 out

of 25 shootlets (Fig. 1g). The shoots that developed roots

were grown for 1 week and subcultured again for another

Fig. 1 Different stages of

Agrobacterium-mediated

transformation of indica rice cv

KJT-3 using mature embryo

derived callus: a embryogenic-

like callus placed on

co-cultivation media;

b selection of calli after

cocultivation on CIM

containing 20 mg l-1

hygromycin and 250 mg l-1

cefotaxime; c GUS expression

in callus tissues (indigenous

blue color) after first cycle of

antibiotic selection; d indirect

shoot regeneration from

antibiotic resistant putative

transformant calli on

regeneration media in presence

of 20 mg l-1 hygromycin and

250 mg l-1 cefotaxime (albino

plants can be seen); e shoot

initiation from shoot apex on

antibiotic selection medium;

f multiple shoot regeneration on

antibiotic selection medium

containing 30 mg l-1

hygromycin and 250 mg l-1

cefotaxime; g rooting of

putative transformed shootlet on

� MS; h acclimatized putative

transformants growing in plastic

cups in tissue culture laboratory;

i hardened putative transformed

plants of T0 growing in the

greenhouse at the Botanical

Garden, Department of Botany,

University of Pune; j primary

transformants (T0) at the grain-

filling stage in the greenhouse
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1 week period on the same medium for good root differ-

entiation and growth before transferring to the pots.

Finally, 12 putative transgenic plants were transferred to

plastic pots in laboratory conditions (Fig. 1h) for gradual

acclimatization, and in the end only 5 plants were able to

become successfully acclimatized to the greenhouse con-

ditions (Fig. 1i), and out of these 5 plants, only 3 survived

to the flowering and harvesting stages and bore seeds

(Fig. 1j), with 1.07% transformation efficiency (Table 1).

Similarly, a total of 300 shoot apices were used

(Fig. 1e), out of which 20 were tested for GUS assay after

two cycles of selection on selection medium containing MS

plus 6 mg l-1 TDZ, 250 mg l-1 cefotaxime and 30 mg l-1

hygromycin B. About 42% calluses showed GUS expres-

sion in the tissues transformed by Agrobacterium indicat-

ing the integration and expression of transgene into the host

genome. From the remaining 280 tissues, 56 survived and

regenerated into multiple shoots (3–12 shoots per explant;

Fig. 1f). Eighty-five hygR shoots were transferred to � MS

medium for rooting. Finally, only 15 plants survived and

showed well-developed roots. These plantlets gradually

acclimatized to greenhouse conditions, where five plants

grown to maturity with 1.78% transformation efficiency

(Table 2). All the five plants were found to be fertile

(Fig. 1j) and seeds were collected along with seeds raised

from tissue culture-grown non-transformed (NT) plants.

Molecular characterisation of transformants

The PCR analysis of T0 plants carried out using gene-

specific primers revealed that out of eight T0 plants (three

and five from callus and apical shoots mediated transfor-

mants, respectively) tested, only five samples—two from

the former and three from the latter—were PCR positive

while the remaining were negative (Fig. 2a).

Southern analysis revealed that indica rice cv KJT-3

genomic DNA digested with EcoRI, followed by hybrid-

ization with the P5CS probe, gave the expected 3.8-kb

fragment in each transgenic line analyzed. As expected, no

hybridization signal was detected in the non-transformed

control plants of indica rice cv KJT-3 (Fig. 2b). These

results clearly indicated the integration of Vigna

P5CSF129A gene in Oryza sativa L. subsp. indica cv

KJT-3.

Differential proline content in putative T0

and non-transformed (NT) plants

Proline content was measured from tissue culture grown

NT as well as from T0 plants 15 days after their transfer to

the greenhouse. A significant difference in terms of proline

content was seen between the NT- and T0-transformed

KJT-3 plants; however, with variations amongst the

transgenics (Fig. 3). In general, all the T0 lines showed

higher proline content than NT plant; however, no con-

siderable difference was evident in terms of proline level

between the transgenics produced via callus and apical

shoot meristems. Amongst all the five transgenic plants, T0

line 5 showed maximum proline content (4,320 lg g-1

DW), which is around four times more than non-trans-

formed line (1,150 lg g-1 DW) followed by line 2 with

4,225 lg proline g-1 DW of leaf. These results confirmed

Table 1 Frequency of shoot regeneration, rooting and survival of plants after Agrobacterium mediated gene transfer

No. of

calli

infected

No. of hygR calli

after two selection

cycles on CIM

No. of

regenerated

shoots on

RM-III

No. of shoots

developed

rooting

No. of regenerated

plants transferred

to pots for hardening

No. of plants surviving

after hardening and

transfer to greenhouse

Transformation

efficiency (%)

300 40 30a 20 12 3 1.07

Out of 300 calli, 20 infected calli were separately used for checking the GUS activity; therefore transformation efficiency (%) is calculated on the

basis of total 280 calluses used. All the media (columns 2, 3, 4) contained 250 mg l-1 cefotaxime and 20 mg l-1 hygromycin B

hygR Hygromycin resistant
a Out of 30 regenerated shoots, 5 were albino

Table 2 Percent frequency of shoot regeneration, rooting and survival of plants after Agrobacterium mediated gene transfer

No. of calli

infected

No. of hygR

apical meristems

No. of multiple

shoots regenerated

No. of shoots

developed rooting

No. of regenerated

Plants transferred to pots

No. of plants survived

after hardening

Transformation

efficiency (%)

300 56 200a 85 15 5 1.78a

Out of 300 explants, 20 were separately used for checking the GUS activity; therefore, transformation efficiency (%) is calculated on the basis of

total 280 calluses used. All the media (columns 2, 3, 4) contained 250 mg l-1 cefotaxime and 30 mg l-1 hygromycin B

hygR Hygromycin resistant
a Around 20 shoots were albino

42 Plant Biotechnol Rep (2010) 4:37–48

123



the functional expression of P5CSF129A gene into KJT-3

genome.

Segregation analysis of progeny plants (T1)

Twenty seeds of each T0 line were germinated and grown

for 7 days on MS media containing hygromycin for

selection of stable inheritance of P5CS-transgene to T1

progenies. Both, Mendelian as well as non-Mendelian

segregation ratios were obtained (Table 3). Most of the

lines exhibited hygromycin resistance and sensitivity ratio

as 3:1 (except line T1–3).

Detection of hptII gene by PCR in T1 plants

PCR amplification of hptII gene was also performed to

confirm the stable establishment of the gene into the gen-

ome of KJT-3 cv. The PCR products, electrophoresed on

agarose gel, clearly showed the stable insertion of the gene

(Fig. 4). As expected, the DNA extracted from the leaf

tissues of the seedlings, which showed signs of hygromycin

sensitivity, did not show any gene insertion (lane 3 in

Fig. 4).

Salt stress tolerance evaluation

Growth performance under salt stress

Striking differences were evidenced between non-trans-

genic and P5CSF129A-KJT-3 plants under 7 days of

150 mM NaCl-driven salt stress. The increase in plant

height and biomass production was greatly reduced in non-

transgenic plants; however, the magnitude of growth

reduction was very low in transgenic lines (Table 4;

Fig. 5). The growth of leaves was effected very badly in

NT lines, and leaves started browning after 2 days of stress.

On the other hand, the leaves of all the transgenic lines

were comparably greener and healthier. On the 7th day of

salt stress, all the transgenic lines showed better height

under 150 mM NaCl stress condition, and out of these

lines, T1–1 showed best performance followed by T1–5,

while T1–2 did not show much difference from the non-

transgenic plants. These results are well supported by fresh

weight (FW) and dry weight (DW) of transgenic plants

under salt stress; amongst transgenic events, T1–1 showed

highest FW and DW.

Proline assay under salt stress

The results of free proline content in non-transgenic and

transgenic lines under saline conditions supported the

Fig. 2 Confirmation of the presence of P5CSF129A transgene in

hygromycin resistant T0 plants of indica rice cv KJT-3: a PCR

amplification of P5CSF129A gene using gene specific primers in T0

transformed plants, lane C non-transformed control plants, lane ?C
amplification of vector DNA, lane M 1 kb molecular weight marker

and lanes T0–1 to T0–5 putative transformed T0 lines; b Southern blot

of EcoRI-digested genomic DNA obtained from T0 plants, lane C
non-transformed control plants, lane ?C positive control, showing

3.8-kb gene insert obtained from plasmid DNA digested with EcoRI,

separated and hybridized to a P5CSF129A probe and lanes T0–1 to

T0–5 shows transformation events of primary transgenics (T0)

Fig. 3 Comparison between

proline content in leaves of

non-transgenic (NT) and T0

transgenic line generated via

Agrobacterium-mediated

transformation of indica rice cv

KJT-3. Rice lines, NT: in vitro

grown control (non-transgenic)

KJT-3 line and lines T0–1 and

T0–2 are T0 lines transformed

via callus, while lines T0–3 to

T0–5 are transformed KJT-3 T0

lines via shoot apical meristems
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hypothesis of positive correlation between the proline

accumulation and salt stress tolerance of plants. In general,

all the transgenic lines showed proline accumulation higher

by four or more times than the NT plants under salt stress

(Table 5). Transgenic events of T1–4 showed highest

average proline level amongst all the five lines. The results

clearly indicated the functional expression of P5CSF129A

gene into the genome of indica-type rice cv KJT-3.

Lipid peroxidation (MDA content) under salt stress

Free radical formation and membrane damage levels were

analyzed by observing the MDA content in transgenic and

non-transgenic plants under 150 mM NaCl stress to see the

Table 3 Segregation analysis of hygromycin resistance in T1 progeny of P5CS F129A transgenic rice plants

T1

lines

No. of seeds

inoculated

No. of germinated

seeds transferred

to hygromycin

No. of seedlings

resistant to hygromycin

No. of seedlings

sensitive to hygromycin

Segregation

ratio

T1–1 20 20 15 5 3:1

T1–2 20 20 12 8 3:1

T1–3 20 20 12 8 1:1

T1–4 20 20 16 4 3:1

T1–5 20 20 15 5 3:1

T1–1 and T1–2 plants were obtained from seeds of T0–1 and T0–2 (via callus) respectively; T1–3 to T1–5 plants were obtained from seeds of T0–3 to

T0–5 (via shoot apex),respectively. The data were recorded on the 7th day after inoculation

Fig. 4 PCR amplification of hptII gene using specific primers in

transgenic T1 plants: lanes 1, 2 and 4 hygromycin-resistant T1 plants,

lane 3 hygromycin-sensitive T1 plant, lane C non-transformed

control, lane ?C amplification of vector DNA and lane M 1-kb

molecular weight marker

Table 4 Comparative plant growth and biomass production of non-

transgenic (NT) and P5CSF129A-transgenic T1 plants of rice cv

KJT-3 under salt stress

T1 lines After 7 days of continuos 150 mM NaCl treatment

Plant height

(cm)

Fresh weight

(g per plantlet)

Dry weight

(g per plantlet)

NT 28 ± 1.7 0.670 ± 0.015a 0.147 ± 0.011a

T1–1 50 ± 3.5 1.198 ± 0.023f 0.263 ± 0.021e

T1–2 30 ± 2.6 0.719 ± 0.020b 0.158 ± 0.019b

T1–3 39 ± 3.3 0.934 ± 0.031c 0.205 ± 0.027c

T1–4 45 ± 4.9 1.078 ± 0.037d 0.236 ± 0.031d

T1–5 48 ± 5.0 1.150 ± 0.031e 0.252 ± 0.024de

NT Non-transgenic KJT-3 plants; T1–1 and T1–2 plants were obtained

from seeds of T0–1 and T0–2 (via callus) respectively; T1–3 to T1–5

plants were obtained from seeds of T0–3 to T0–5 (via shoot apex)

respectively. The values represent average of 12–16 plants of trans-

genic lines and average of 10 plants in case of NT ± SE

Means within a column followed by different letters were signifi-

cantly different from each other according to Duncan’s multiple range

test (DMRT) at P B 0.05

Fig. 5 Effect of NaCl stress on non-transformed and transformed

(T1) plants: hygromycin resistance T1 plants after 1 week of selection

in vitro were acclimatized to pots filled with soil in the greenhouse,

and after 2 weeks, the salt stress was introduced by 150 mM NaCl for

7 days. NT Non-transformed plants without NaCl stress; T1–1 to T1–5

independent T1 KJT-3 transformed lines, under 150 mM NaCl stress
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comparison between the two (Table 5). When compared to

the non-transgenic plants under salt stress, all the transgenic

plants showed significantly lower lipid peroxidation,

thereby indicating lesser membrane damage in P5CS-

F129A transgenic lines as compared to non-transgenic lines.

The above results clearly showed that P5CSF129A

transgene expression confers increased tolerance to trans-

genic plants for salinity stress. It was evident from these

results that P5CS-transgenic plants produced significantly

more proline and protected the transgenic plants from

damages due to stress treatments. On the other hand, the

control plants could not tolerate the same extent of stress

due to the lower level of proline. The results of the present

investigation clearly confirmed that proline accumulation

can be positively correlated with the salt stress tolerance

nature of the transgenic plants obtained. The over-expres-

sion of a mutated proline biosynthetic pathway gene

P5CSF129A into the indica rice cv KJT-3 resulted in better

biomass production and growth performance associated

with higher proline accumulation and lower lipid

peroxidation.

Discussion

Efficient transformation and subsequent regeneration using

Agrobacterium-mediated methods are dependent on several

factors including choice of explant, hormonal composition

of the medium used, nutritional supplements, culture

conditions prior to and during inoculation, duration of

co-cultivation, virulence of Agrobacterium strain, concen-

tration and composition of the bacteriostatic agent used,

duration of selection and concentration of antibiotic

selection marker, cultivar of plants and various conditions

of tissue culture, including a robust system of plant

regeneration; all are of critical importance (Mohanty et al.

2002; Yookongkaew et al. 2007). The genotypic influence

is often overcome by modifying the nutrient medium or

transformation conditions, since the same nutrient medium

is not ideal for all the varieties (Ge et al. 2006).

Various researchers, however, have used 50 mg l-1

hygromycin B for selecting the putative transformants of

different indica-type rice genotypes (Sridevi et al. 2005;

Kant et al. 2007), while in this study 20 and 30 mg l-1

hygromycin B was used for selecting the putative trans-

formants obtained via callus and shoot apices, respectively.

The addition of AS in pre-culture as well as in co-culti-

vation medium has been reported to induce Vir genes,

extend host range of some Agrobacterium strains and found

essential for rice transformation (Saharan et al. 2004). Our

observations are in conformity with these findings, and the

inclusion of AS (100 lM) was found to be inevitable for

transformation; this observation is consistent with a num-

ber of previous reports of rice transformation (Kumar et al.

2005). However, there are some successful transformation

reports without adding phenolic compounds such as AS

(Yookongkaew et al. 2007), indicating the varying

requirements for transformation from plant to plant.

Generally, co-cultivation times for indica rice transfor-

mation have been reported to vary from 2 to 5 days.

However, in this study, it was found that 3 days was

optimal for rice transformation. Although calluses, which

were co-cultivated for more than 3 days, showed GUS

activity, they were adversely affected by over-growth of

Agrobacterium and subsequently died. The same co-culti-

vation time has been reported by a number of researchers

for efficient indica rice transformation using callus

(Nandakumar et al. 2007) as well as apical shoot meristem

(Yookongkaew et al. 2007) as target materials.

An efficient and reproducible method for transformation

using mature embryo-derived embryogenic-like callus was

standardized with optimization of various parameters for

efficient transformation of indica rice cv KJT-3. We could

achieve around 1% transformation efficiency by using

callus of KJT-3. Varying transformation frequencies have

been reported in indica rice cvs—Khanna and Raina

(2002): 9%, and Nandakumar et al. (2007): 0.9–5.2%.

The low efficiency of indica rice transformation in these

studies is possibly attributed to toxicity of antibiotics to

callus growth (Khanna and Raina 2002) and the authors

have suggested withholding use of antibiotics on regener-

ation media. However, in the present study, pressure of

hygromycin was maintained up to regeneration medium,

Table 5 Comparative proline accumulation and lipid peroxidation in

non-transgenic and transgenic T1 plants of rice cv KJT-3 under salt

stress

T1

lines

Proline content

(lg g-1 dry weight)

Lipid peroxidation (MDA content)

(nmol g-1 fresh weight)

NT 1055 ± 8.9a (100) 32.9 ± 1.2f (100)

T1–1 5075 ± 18.7cd (481) 19.4 ± 1.4d (59)

T1–2 4615 ± 15.6c (437) 20.5 ± 1.1e (62)

T1–3 5205 ± 19.9de (493) 16.4 ± 0.9c (50)

T1–4 5725 ± 21.4g (543) 15.7 ± 1.3b (48)

T1–5 5430 ± 23.7f (515) 16.8 ± 0.8c (50)

NT Non-transgenic KJT-3 lines grown under greenhouse conditions;

T1–1 and T1–2 plants were obtained from seeds of T0–1 and T0–2 (via

callus) respectively; T1–3 to T1–5 plants were obtained from seeds of

T0–3 to T0–5 (via shoot apex) respectively

Means within a column followed by different letters were signifi-

cantly different from each other according to Duncan’s multiple range

test (DMRT) at P B 0.05

The values in parentheses shows the increase in proline content and

decrease in MDA content by considering proline and MDA content in

control non-transgenic plants as 100%, respectively. The plants were

subjected to 150 mM NaCl stress for 7 days
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resulting in the selective proliferation of resistant calli with

transgene.

Among various explants used, scutellum-derived

embryogenic calli are the material of choice for efficient

transformation of rice (Kant et al. 2007). However, in the

present study, in addition to embryogenic-like calli, we have

also used apical shoot meristems for transformation to

reduce the time period required to get transgenic plants.

TDZ, a phenylurea-type cytokinin, has been reported to

facilitate multiple shoot proliferation in many plants

(Srivatanakul et al. 2000). Our results are in agreement of

these reports, and TDZ was observed to be a sole hormone to

induce multiple shoots from apical shoot meristems and

resulted in *1.8% rate of transformation in KJT-3. In con-

clusion, we have effectively accomplished multiple shoot

regeneration from shoot apical meristem in indica rice, and

no somaclonal variation was observed in transgenic plants.

The comparison between callus and shoot apices as

targeting materials clearly indicated that the latter requires

much less time than the former, as it does not require a long

callus production cycle. The total time required for

obtaining transformed plants (in greenhouse conditions)

regenerated through apical shoot meristems takes at least

5–6 weeks less than regeneration of transgenics via mature

embryo-derived callus. Further, use of 20 g l-1 sorbitol

was observed as inevitable for shoot regeneration through

calluses; however, in apical shoot meristems, no such

supplementation was required. The results clearly indicated

that the rate of transformation was about two times higher

in the case of apical shoot meristems used as target tissues

for transformation than calli.

T-DNA was shown to be stably maintained in trans-

formed (T0) rice plants. PCR analysis was consistent with

genomic integration of P5CS-F129A. The stable gene

insertion and establishment was further confirmed by

southern hybridization, which showed stable transforma-

tion of the gene at T0 level. P5CS stable insertion was also

confirmed by following the histochemical GUS analysis in

T1 generation plant tissues. The insertion was further

confirmed by PCR products obtained from DNA amplifi-

cation of T1 plants using hptII specific primers and elec-

trophoresed on agarose gel electrophoresis.

All the primary PCR positive transformants showed

considerably higher proline content than their NT coun-

terpart, which clearly confirmed the insertion and func-

tional expression of P5CSF129A gene into the KJT-3

genome. Similar to our results, the primary P5CS-trans-

genic wheat plants showed much higher (more than ten

times) proline content than their wild-type counterparts

under non-stress conditions (Sawahel and Hassan 2002).

More recently, Yamchi et al. (2007) observed that there

was 26 times more proline production in tobacco plants

transformed with P5CS gene as compared to non-

transgenic tobacco plants. Results of the present work are

in harmony with these reports and confirmed the integra-

tion of moth bean P5CSF129A gene into the genome of

indica rice cv KJT-3 and its functional expression. The

variation among the transgenic lines in terms of proline

content may be attributed to the integration position of this

gene and transcription level (Yamchi et al. 2007).

Stable integration and inheritance of introduced gene to

the next generation was evident through hygromycin

selection for T1 progeny. The T1 progenies exhibited both

Mendelian as well as non-Mendelian segregation ratios in

terms of hygromycin resistance of the transgenics. Most of

the lines exhibited the the hygromycin resistance and

sensitivity ratio as 3:1 (except line T1–3). Similar results

have been reported by Anoop and Gupta (2003) in trans-

formed progenies of indica rice cv IR50 with moth bean

P5CS gene. PCR amplification of hptII gene using gene-

specific primers also confirmed the stable establishment of

the gene into the genome of rice cv KJT-3.

In the context of the recommendation of the ‘Task Force

on Agricultural Biotechnology’, committee chaired by

Prof. M.S. Swaminathan that genetic engineering of rice

should be confined to non-basmati-type rice varieties (Task

Force on Agricultural Biotechnology 2004), it has become

important to identify elite, non-basmati indica varieties to

select for genetic engineering (Sridevi et al. 2005). Though

the transformation frequency for indica rice cvs remains

low, the present investigation has shown that KJT-3 is

amenable for Agrobacterium-mediated transformation

using both callus as well as shoot apex as target material

for co-cultivation.

Our results clearly showed that P5CSF129A-transgene

expression confers increased tolerance to transgenic plants

for salt stress. Generally, all the transgenic lines tested of

KJT-3 at T1 level showed better plant growth and biomass

production than the NT control plants under salt stress

driven by 150 mM NaCl. The leaves were much greener in

the transgenics, whereas the leaves of NT lines were brown

and dry under salt stress. It was noticed that P5CS-trans-

genic plants produced significantly more proline (four- to

five-fold more than non-transgenics) and protected the

transgenic plants from damage due to salt stress treatments;

on the other hand, the control plants could not tolerate the

same extent of stress.

Results presented in Table 4 showed that the line T1–2

did not show considerably better growth performance and

biomass production as compared to the NT line under salt

stress. Even though it accumulated around four times

higher proline content than NT, it was the lowest amongst

all T1 lines accompanied by the highest level of lipid

peroxidation. This indicates that this level of proline

accumulation seems to be insufficient for counteracting the

stress-inducing effects including lipid peroxidation. In
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addition, there may be a necessity of involvement of other

endogenous mechanisms for stress tolerance in addition to

proline accumulation, and these mechanisms vary from

plant to plant.

The enhanced salt tolerance of P5CS-transgenic KJT-3

plants was associated with higher proline accumulation and

lower lipid peroxidation levels, while the inability of NT

plants to tolerate NaCl stress may be due to a lower level of

proline and a higher magnitude of free radical production

as suggested by the higher MDA content under salt stress

conditions. These results have proved the successful

insertion and functional expression of the P5CS-F129A

gene into the genome of rice cv KJT-3.

Earlier, various researchers have reported higher proline

accumulation and subsequent abiotic stress tolerance of

transgenic plants over-expressing P5CS genes. Enhanced

proline accumulation and better growth performances of

rice cvs, both indica and japonica, are attributed to the

over-expression of P5CS transgene into their genome

(Anoop and Gupta 2003; Su and Wu 2004). Anoop and

Gupta (2003) reported almost two times more proline

content in P5CS-transgenic rice lines under 200 mM NaCl

stress. The authors have credited proline accumulation in

transgenic plants for higher germination frequency and

biomass production. Similar to our findings, Su and Wu

(2004) also observed significantly higher tolerance of P5CS

containing rice transgenics showing higher proline accu-

mulation to stress produced by NaCl or water deficiency, as

judged by faster growth of shoots and roots in comparison

with NT plants. Further, they reported that stress-inducible

synthesis of proline in transgenic rice resulted in faster

growth under stress conditions than that with constitutive

accumulation of proline.

Coming to the over-expression of mutagenic version

P5CSF129A, transgenic tobacco plants expressing this

gene accumulated about twofold more proline than the

plants expressing V. acontifolia wild-type P5CS. This

difference was further increased in plants treated with

200 mM NaCl (Hong et al. 2000). The same mutagenized

P5CS have been used by Pileggi (2002) for transforma-

tion of lettuce, and observed that this gene conferred

osmotic tolerance induced by freezing, high temperature

and high saline conditions to the transgenics. Further,

Molinari et al. (2004) used this gene under the control of

constitutive promoter 35S and reported enhanced drought

tolerance of the resulting transgenic plants of Carrizo

citrange by over-producing proline. The findings of the

present investigation are in harmony with these reports as

we observed a steep increase in proline levels under salt

stress conditions in transgenic plants obtained by intro-

duction of V. acontifolia mutated gene P5CSF129A.

Proline content was increased under salt stress conditions

both in non-transgenic as well as P5CS-transgenic plants;

however, with a significant variation in the extent of

increase with 152% increase in the earlier while there was

a 302–352% increase in the case of the latter. Such a

response to salt stress in transgenic plants indicated that

T-DNA is integrated in the chromosome, which leads to

its efficient transcription.

In addition to proline enhancement, another important

parameter to check the level of stress-induced damage at

the cellular level is lipid peroxidation measured as the

MDA content (Parvanova et al. 2004). As a consequence of

ROS, lipid peroxidation can lead to cellular membrane

rupture in plants submitted to stress. As expected, there

were significant differences between the non-transgenic

and transgenic plants of KJT-3 in terms of MDA content

under 7 days of 150 mM NaCl stress. It has been reported

that higher proline accumulation in P5CS-transformed

tobacco plants reduced free radical levels measured by

MDA content in response to osmotic stress (Parvanova

et al. 2004; Vendruscolo et al. 2007). The transformed

plants presented low MDA values that could be translated

into a higher maintenance of cellular integrity and basic

physiological processes.

In conclusion, we achieved successful insertion of the

P5CSF129A gene in the primary generation and its inher-

itance to the progeny plants as revealed by PCR products

and Southern analysis. The gene was functionally expres-

sed in T0 as well as T1 plants as indicated by higher proline

accumulation in transgenics as compared with non-trans-

genic plants. The salt stress evaluation of transgenic plants

of T1 generation revealed better growth performance,

biomass production, higher proline accumulation and lower

rate of lipid peroxidation in comparison with the non-

transgenic plants under 150 mM NaCl stress.
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