
Abstract Transgenic lines of indica rice were generated
by Agrobacterium-mediated transformation with the cho-
line oxidase (codA) gene from Arthrobacter globiformis.
Choline oxidase catalyses conversion of choline to gly-
cine betaine. Glycine betaine is known to provide toler-
ance against a variety of stresses. Molecular analyses of
seven independent transgenic lines as performed by
Southern, Northern and Western hybridization revealed
integration and expression of the transgene as well as 
inheritance in the progeny plants. A good correlation
was observed between levels of mRNA and protein ac-
cumulation, and a significant amount of choline oxidase
product, i.e. glycine betaine, accumulated in R0 as well
as R1 plants. Mendelian as well as non-Mendelian segre-
gation patterns were obtained in the progeny plants.
Challenge studies performed with R1 plants by exposure
to salt stress (0.15 M NaCl) for 1 week, followed by a
recovery period, revealed that in some cases more than
50% of the transgenic plants could survive salt stress and
set seed whereas wild-type plants failed to recover.
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Introduction

Increased tolerance against various osmotic stresses 
is one of the major objectives of plant biotechnology

(Holmberg and Bülow 1998; Tyagi et al. 1999; 
Sakamoto and Murata 2001). Among various osmotic
abiotic stresses such as drought, salinity and freezing, 
salinity is the most important factor limiting crop pro-
ductivity. According to the United Nations Environment
Program, nearly 20% of the World's agricultural lands
are salt-stressed, especially in countries like India, 
Pakistan, sub-Saharan Africa and Australia where ap-
proximately one-third of the land may be adversely 
affected. Worldwide, about 10 million ha of irrigated
land is abandoned because of excess salt deposition each
year (Nelson et al. 1998). Higher plants from several
families (e.g. Chenopodiaceae, Asteraceae) have evolved
mechanisms such as the accumulation of osmoprotect-
ants including amino acids, ammonium compounds and
polyols/sugars to protect themselves under stress condi-
tions. Glycine betaine, a quaternary ammonium com-
pound, is a compatible solute which accumulates under
periods of stress in higher plants (Robinson and Jones
1986; Rhodes and Hanson 1993; Yeo 1998; Sakamoto
and Murata 2000, 2001; Tyagi and Mohanty 2000), 
animals (Garcia-Perez and Burg 1991) as well as bacte-
ria (Csonka 1989). This is known to provide tolerance to
the cells under stress by stabilizing the quaternary struc-
ture of the complex proteins and adjusting the osmotic
potential in their cytoplasm to maintain water content. 
In photosynthesis it stabilizes both PSII complexes 
(Papageorgiou and Murata 1995), as well as Rubisco, at
a high concentration of NaCl and at extreme tempera-
tures (Gorham 1995). A two-step enzymatic process 
accomplishes production of glycine betaine in plants.
The first step involves conversion of choline to betaine
aldehyde by choline monoxygenase, a stromal enzyme
with a Rieske-type [2Fe-2S] centre (Brouquisse et al.
1989), and the second step involves betaine aldehyde de-
hydrogenase, a nuclear-encoded chloroplast stromal en-
zyme, which converts it to glycine betaine (Weigel et al.
1986). However, an endogenous supply of choline is also
important as shown by Nuccio et al. (1998) with trans-
genic tobacco plants expressing genes encoding choline
monoxygenase enzyme. Earlier, transgenic Arabidopsis
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plants were obtained with the codA gene and it was
shown to provide tolerance, not only against salt stress
(Hayashi et al. 1997), but also against low temperature,
freezing, high temperature as well as light stress (Alia 
et al. 1998, 1999; Sakamoto et al. 2000). The same group
reported transformation of japonica rice with the codA
gene (Sakamoto et al. 1998). For this purpose, the gene
construct originally used for Arabidopsis transformation
was modified by incorporating a rice RbcS transit pep-
tide for chloroplast targeting (chl-COD). The other con-
struct (cyt-COD) would result in accumulation of gly-
cine betaine in the cytosol. PSII activity of both types of
transgenic plants was tolerant to low temperature as well
as salt stress. The potential of the gene, therefore, needs
to be evaluated in other crops, as engineering of complex
traits for abiotic stress resistance would be of great value
(Christou 1994; Holmberg and Bülow 1998; Bajaj et al.
1999; Grover et al. 1999; McNeil et al. 1999; Sakamoto
and Murata 2000, 2001; Tyagi and Mohanty 2000).

Rice is a salt-sensitive cereal crop and it cannot pro-
duce glycine betaine in response to abiotic stress. Indica
rice contributes 80% of total rice production (Christou
1994). Earlier, we have reported an efficient protocol for
generation of Agrobacterium-mediated transgenic indica
rice of an elite variety Pusa Basmati 1 (Mohanty et al.
1999, 2000). In the present study, we report Agrobacteri-
um-mediated transformation of Pusa Basmati 1 with the
codA gene. A large number of morphologically normal
and fertile transgenic plants was obtained. Detailed molec-
ular, biochemical, genetic and physiological analyses were
carried out with selected R0 as well as R1 transgenic
plants.

Materials and methods

Agrobacterium-mediated transformation of Pusa Basmati 1

Agrobacterium-mediated transformation was carried out as de-
scribed earlier (Mohanty et al. 1999, 2000). Briefly, scutella-
derived calli were used for co-cultivation with Agrobacterium 
tumefaciens strain EHA101 (pGAH/codA, Hayashi et al. 1997).
After removing excess bacterial cells, calli were selected on call-
using medium containing hygromycin (50 mg/l) and cefotaxime
(250 mg/l) or timentin (125 mg/l). It was observed that for remov-
ing EHA101 (pGAH/codA) cells, timentin was more effective.
Further, calli growing on selection medium were excised and
transferred to fresh selection medium. Proliferating calli were
transferred to regeneration medium and incubated at 26 ± 2 °C,
16-h photoperiod for 2–3 weeks. Regenerated plants of 2–3 cm
height were transferred to MSBH medium (Mohanty et al. 1999)
for root formation. Rooted plants were transferred to pots contain-
ing a mixture of soil and soilrite (1:1) and were incubated in a
growth chamber or a green house operating at 24–28 °C, 14–16 h
light at 100–125 µmol m–2 s–1 and 70–75% relative humidity. The
plants were regularly supplied with rice growth medium (Mohanty
et al. 1999) and were grown to maturity.

Molecular analysis

Genomic DNA isolation and Southern hybridization

Genomic DNA isolation and Southern hybridization were per-
formed as described earlier (Sambrook et al. 1989; Mohanty et al.

1999). Briefly, 5 µg of genomic DNA was digested with EcoR1
and resolved on a 1.2% agarose gel. The probe used was a 1.2-kb
BamH1/SacI fragment of pGAH/codA encompassing the coding
sequence of the codA gene. The probe was labeled with α-32P
[dATP] using a Megaprime labeling kit (Amersham Pharmacia
Biotech UK limited, England). Hybridization was carried out at
42 °C in a solution containing 50% formamide, 5% SSC [20 ×
SSC (saline sodium citrate, 175.3 g l–1 of NaCl; 88.2 g l–1 of sodi-
um citrate; pH 7.0)], 1 × Denhardt's solution, 10% dextran sul-
phate and denatured herring sperm DNA (200 µg/ml) for 24 h. 
Filters were washed at high stringency by gradually reducing the
salt from 5% SSC and 0.1% SDS to 0.1% SSC and 0.1% SDS.
The filters were wrapped in cling film and exposed to X-ray film
for a suitable period before developing.

Northern analysis

RNA was isolated from green leaves essentially as described by
Logemann et al. (1987) with minor modifications. RNA samples
(20 µg) were run on a 1.2% agarose-formaldehyde gel using 1 ×
MOPS buffer (3[N-Morpholino]propanesulfonic acid, 20 mM of
MOPS, pH 7.0; 2 mM of sodium acetate; 1 mM of EDTA, pH 8.0)
and were transferred to Hybond-C membrane using 20 × SSC. The
pre-hybridization solution contains 50% formamide (deionized); 
5 × SSC; 50 mM of sodium phosphate buffer, pH 6.5; 250 µg ml–1

of herring sperm DNA (denatured); 10 × Denhardt's solution and
the hybridization solution contains an additional 0.2 vol of 50%
dextran sulphate (final concentration of dextran sulphate is 10%).
Other steps such as preparation of a radiolabeled probe and its use,
hybridization time and temperature, washing of the blot and expo-
sure to X-ray film, essentially remained the same as for Southern
analysis.

Western analysis

Western analysis was performed according to Arakawa et al.
(1997) with suitable modifications. Clarified extract was prepared
from leaf tissue (500 mg) from 6-month-old R0 plants and 
1-month-old R1 plants. An aliquot of 5 µl of clarified extract was
used for protein estimation (Bradford 1976). A total of 30 µg of 
total soluble protein was separated on 10% sodium dodecyl sul-
phate polyacrylamide-gel electrophoresis (SDS-PAGE) at 25 mA,
constant current, for 60–90 min in Tris-glycine-SDS buffer
(25 mM of Tris; 250 mM of glycine, pH 8.3; 0.1% SDS). The sepa-
rated proteins were blotted onto a PVDF membrane pre-wetted in
100% methanol and then equilibrated in protein transfer buffer, 
using a Hoeffer electroblotter at a 100 mA current overnight. Sub-
sequently, the membrane was incubated in blocking solution [5%
non-fat dry milk prepared in TBST buffer (10 mM of Tris, pH 7.5;
500 mM of NaCl; 0.05% Tween 20)] for 1 h at 40 rpm and room
temperature. The membrane was given 3-washes with TBST buffer
for 5 min each. The blot was incubated in TBST buffer containing
1% non-fat dry milk and a 1:3000 dilution of anti-rabbit antisera of
choline oxidase (Hayashi et al. 1997) for 1 h at RT at 40 rpm. The
membrane was washed with TBST buffer three times for 5 min
each at 40 rpm and room temperature. The blot was probed with a
secondary antibody (anti-rabbit HRP 1:7000 dilution) in TBST
buffer containing 1% non-fat dry milk for 1 h at room temperature
at 40 rpm, followed by 3-washes with TBST for 5 min each at
40 rpm and room temperature. The blot was developed using the
ECL Plus chemiluminiscence kit from Amersham Pharmacia Bio-
tech UK limited, England, as per manufacturer's instructions.

Salt stress studies

R1 seeds of the transgenic lines were grown on hygromycin selec-
tion medium. The resistant seedlings were transferred to rice
growth medium (Mohanty et al. 1999) after they were 1-week-old
under selection. Only hygromycin-resistant seedlings were as-
sayed for salt sensitivity. Seedlings were grown on rice growth
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medium for another 2 weeks at the end of which they were trans-
ferred to rice growth medium having 150 mM of NaCl. This salt
stress was given for 1 week after which seedlings were allowed to
grow on normal rice growth medium for another 3 weeks. They
were subsequently transferred to soil for further growth and seed
harvesting.

Analysis of glycine betaine content by NMR

The levels of glycine betaine and choline were determined in
leaves of unstressed mature plants by NMR spectrometric analysis
as described by Sakamoto et al. (1998). The analysis was per-
formed in duplicate.

Genetic analysis

For genetic analysis of hygromycin resistance in the progeny,
seeds of R0 and R1 plants were de-husked and sterilized, and were
inoculated on MSB medium for 2 days (Mohanty et al. 1999).
Germinated seedlings were transferred to MSB medium contain-
ing 50 mg l–1 of hygromycin. Hygromycin resistance/sensitivity
was scored after 7 days.

Results

Rice transformation

From six independent transformation experiments with
EHA101 (pGAH/codA), a total of 53 transgenic plants
were obtained. Some of these plants were analyzed in
detail, grown to maturity in the greenhouse and seeds
collected.

Characterization of R0 plants

A total of eight independent transgenic plants were ana-
lyzed by Southern hybridization using the codA gene as
a probe. Both single as well as multi-copy insertions
were revealed (Fig. 1). 

Expression of the codA gene in transgenic plants

Northern-blot analysis of RNA samples from leaves of
seven representative plants revealed variable but signifi-
cant levels of the codA transcript. Transgenic lines 4, 14,
18 and 21 were found to express the transcript at very
high levels, followed by transgenic lines 22 and 23.
Transgenic line 1 was found to have low expression of
the codA transcript. No hybridization was detected in
wild-type plants (Fig. 2). 

Western analysis with choline oxidase antiserum re-
vealed the presence of a 64-kDa protein which corre-
sponds to the choline oxidase protein (Fig. 3). No such
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Fig. 1 Southern analysis of the
R0 generation of PB1/codA
transgenic rice plants. Undi-
gested DNA (UD) or genomic
DNA (5 µg) digested with
EcoRI (D) was resolved on
the gel. Wt represents the wild-
type plant and numbers repres-
ent the identity of transgenic
lines

Fig. 2 Northern analysis of the PB1/codA gene in the leaves of R0
transgenic plants. The lower panel depicts RNA samples probed
with 25S rDNA as a loading control. Wt represents the wild-type
plant and the numbers represent the identity of transgenic lines

Fig. 3 Western analysis of R0 generation PB1/codA transformed
rice lines. +C depicts choline oxidase from Arthrobacter globifor-
mis as the positive control. Wt represents wild-type plants as a neg-
ative control. Numbers on the top depict the identity of transgenic
lines. The CO panel shows a band of choline oxidase and the lower
panel depicts a Rubisco large subunit as a loading control



band was detected in wild-type plants. In addition, we
also detected a faint band at the approximately 70-kDa
region on long exposure. This could be a precursor of
choline oxidase, as has been shown earlier by Hayashi et
al. (1997), revealing thereby that the precursor protein
containing a transit peptide was targeted to the chloro-
plast and processed correctly. A good correlation could
be established between the transcript levels and protein
levels in the respective plants. For example, plant lines
4, 14, 18 and 21, which show high levels of transcript,
also show higher protein levels. 

Glycine betaine accumulation

Glycine betaine levels were detected by employing pro-
ton-NMR studies in six lines (1, 14, 17, 18, 22 and 23).
All of these showed accumulation of glycine betaine and
also significant levels of choline. Similar data collected
for R1 progeny plants are subsequently provided in this
paper.

Genetic analysis of hygromycin resistance 
in the progeny of R0 plants

Seeds obtained from seven R0 plants were analyzed for
segregation of the hygromycin resistance trait, as shown
in Table 1. Mendelian as well as non-Mendelian segrega-
tion ratios were obtained. Interestingly, two single-copy
plants segregated in a 1:1 ratio for hygromycin resis-
tance. On the other hand, two transgenic lines with mul-
tiple copies of the transgene show a 3:1 segregation ratio
for hygromycin resistance. 

Analysis of R1 plants and their progeny

Expression of the codA gene in R1 transgenic plants

For Western analysis of progeny plants, we selected two
R1 plants that were hygromycin-resistant from each of
the seven independent R0 lines. As in R0 lines, the anal-
ysis of R1 plants revealed the presence of a 64-kDa pro-
tein which corresponds to choline oxidase (Fig. 4). 

No such band was detected in wild-type plants. In addi-
tion, we detected a band at about 70 kDa representing a
precursor of choline oxidase, in lines showing higher
levels of choline oxidase. Variable levels of protein were
detected among various transgenic lines. Overall, the 
expression levels of R1 lines were similar to that of their
parents. 

Glycine betaine accumulation

NMR analysis was also performed with leaves of R1
transgenic plants for quantitation of accumulated glycine
betaine. A total of seven R1 plants from seven indepen-
dent lines were selected for NMR analysis. R1 transgen-
ic line 21 accumulated the highest amount of glycine be-
taine (about 2.12 µmol/g of dry weight). Except for
transgenic line 22 and 23, all other lines accumulated
about 1 µmol/g dry weight of glycine betaine (Table 2).
Interestingly, all lines also accumulated highly signifi-
cant levels of choline, almost to the level of the wild-
type. 
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Table 1 Segregation analysis of hygromycin resistance in R1 progeny of PB1/codA transgenic rice plants

Plant Copy No. of No. of germinated No. of seeds No. of seeds χ2 value
identity no. seeds seeds transferred resistant to sensitive to 

inoculated to hygromycin hygromycin hygromycin

1 1 67 67 36 31 0.373 (1:1)b

4 5 69 66 31 35 0.242 (1:1)b

14 2 74 69 55 14 0.814 (3:1)c

18 5 68 65 49 16 0.005 (3:1)a

21 3 43 33 20 13 1.4 (1:1)c

22 1 68 66 37 29 0.96 (1:1)c

23 1 52 52 35 17 1.61 (3:1)c

a 0.95>p>0.80; b 0.80>p>0.50; c 0.50>p>0.20

Fig. 4 Western analysis of R1 generation PB1/codA transgenic
rice plants. +C is choline oxidase from Arthrobacter globiformis
loaded as a positive control. Wt represents wild-type plants as
a negative control. Numbers on the top depict the identity
of the R1 generation transgenic plants from transgenic lines 1, 4,
14, 18, 21, 22 and 23. CO represents choline oxidase and Rubisco-
LS represents a large subunit of Rubisco as a loading control



Agronomic performance of transgenic lines 
under salt stress

When grown in liquid medium, 150 mM of NaCl is
harmful to rice seedlings. However, several codA trans-
genic rice seedlings survived a 150-mM NaCl stress for
a week before being transferred to normal rice growth
medium. From two independent experiments, approxi-
mately 51% (74 out of 145) transgenic plants recovered
well after exposure to salt stress. Out of the seven inde-
pendent transgenic lines analyzed for their performance
under salinity stress, four lines (1, 4, 18 and 22) showed
high levels of stress tolerance (about 66% survival, 56
out of 85) against salt stress, whereas the wild-type
plants failed to recover after exposure to salt stress and
died. Some of the surviving seedlings were transferred to
soil and have set seed (Table 3). A total of 49 plants
were grown to maturity. In comparison to unstressed
wild-type plants, transgenic plants exposed to salt stress
gave rise to marginally shorter plants with a lesser num-
ber of panicles. The number of seeds obtained varied
from approximately 100–200 seeds among various lines,
whereas the unstressed wild-type plants yielded on aver-
age 388 seeds per plant. Obviously there is some degree
of penalty on exposure to salt. However, the yield is sig-
nificant keeping in view of the fact that all wild-type
plants failed to recover on exposure to salt stress. 

Genetic analysis of hygromycin resistance 
in progeny of R1 plants

Seeds from 3–5 R1 plants, representing the R2 genera-
tion, of six different R0 lines having 1–5 copies of the
transgene were grown on hygromycin-containing medi-
um. Among the various transgenic lines analyzed, seed
germination was found to be 77.7 to 93.3%. As in the R1
progeny, Mendelian as well as non-Mendelian segrega-
tion patterns were obtained (data not shown). These
plants are being grown for further analysis.

Discussion

Agrobacterium-mediated transformation of an elite in-
dica variety Pusa Basmati 1 has been accomplished. 
Although the transformation efficiency obtained with 
binary vectors was less than that achieved with super-
binary vectors (Mohanty et al. 1999, 2000), we could
still obtain several transgenic plants for analysis of 
abiotic stress tolerance. This work, together with earlier
reports of Hayashi et al. (1997) for Arabidopsis and
Sakamoto et al. (1998) for japonica rice, conclusively
proves that engineering for glycine betaine, as accom-
plished by a gene (codA) encoding for the enzyme 
choline oxidase, is an effective way for imparting stress
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Table 2 Determination of the concentration (µmol/g dry weight) of choline and glycine betaine in R1 generation PB1/codA transgenic
rice plants

Plant Choline in the R1 generation Glycine betaine in the R1 generation
identity

Experiment 1 Experiment 2 Average Experiment 1 Experiment 2 Average

C 5.73 4.65 5.19 ± 0.54 0.00 0.00 0.00
1 4.06 3.04 3.55 ± 0.51 1.19 1.394 1.29 ± 0.1
4 5.35 7.54 6.45 ± 1.1 1.148 1.007 1.07 ± 0.07

14 5.16 3.04 4.10 ± 1.06 0.96 1.025 0.99 ± 0.03
18 4.33 3.14 3.74 ± 0.59 0.93 1.025 0.97 ± 0.04
21 5.65 4.12 4.89 ± 0.76 1.92 2.333 2.12 ± 0.21
22 5.45 3.93 4.69 ± 0.76 0.66 0.769 0.71 ± 0.05
23 5.06 3.49 4.27 ± 0.79 0.23 0.216 0.22 ± 0.007

Table 3 Agronomic traits of PB1/codA R1 generation transgenic plants recovered from salt stress and wild-type (WT) rice. Wild-type
plants failed to recover after salt stress

Plant NaCl No. of No. of Number of Average Average Average 
identity 150 mM seedlings surviving surviving plants height no. of no. of 

evaluated plantlets in two experiments (cm) panicles seeds
grown to maturity

WT – 17 17 17 88.3 10 388
WT + 32 0 0 – – –

1 + 22 15 5 63.8 5 172
4 + 15 10 3 80.2 6 200

14 + 33 8 8 69.3 5 102
18 + 27 20 17 70.4 5 174
21a + 10 5 3 55.0 5 100
22 + 21 11 8 71.8 6 166
23 + 17 5 5 72.8 6 172

a Result of one experiment only



tolerance to non-accumulators such as rice. In addition,
this work has been carried out utilizing a popular and
economically important indica variety Pusa Basmati 1.

In contrast to the wild-type, all transgenic lines con-
taining the codA gene showed the presence of glycine
betaine, reflecting the fact that all the transgenic lines
have acquired the ability to synthesize this compatible
solute. Effectiveness of glycine betaine for salt and heat
tolerance has also been shown by genetic mutation in
maize by Saneoka et al. (1995) and Yang et al. (1996).
Stable integration and faithful transmission of the trans-
gene are of paramount importance in transgene technolo-
gy. We have obtained Mendelian as well as non-Mende-
lian segregation ratios for the transgene(s). Similar ob-
servations have been made earlier (Komari et al. 1996;
Mohanty et al. 1999). Interestingly, transgenic line 18
with five copies of the transgene segregated in a 3:1 ratio
for hygromycin resistance, indicating single-locus inte-
gration of the transgenes.

Although the glycine betaine level obtained (0.22–
2.12 µmol per gram of dry weight) for R1 lines was
much lower than that of natural accumulators such as
spinach and sugar beat, it was more than that reported
earlier for transgenic tobacco (Holmström et al. 2000;
see Sakamoto and Murata 2000, 2001), and even this
much glycine betaine was capable of imparting a high
level of salt tolerance as revealed by challenge studies.
Holmstörm et al. (2000) reported that even 0.035 µmol/g
fresh weight of glycine betaine was capable of imparting
salinity and low temperature tolerance to transgenic to-
bacco plants. Unlike the apprehensions raised (Nuccio et
al. 1998, 1999; McNeil et al. 1999), the availability of
choline does not seem to be a problem in rice. Interest-
ingly, the level of choline in transgenic plants was found
to be only marginally different from wild-type plants
even though part of it would have been used for the syn-
thesis of glycine betaine. Probably the reason for this is
the fact that the transgenic plants have started to produce
glycine betaine, and the drive to reach homeostasis has
resulted in more choline synthesis in the transgenic
plants to be able to replenish choline utilized for glycine
betaine synthesis. The level of expression of glycine be-
taine in transgenic plants points towards the stabilization
of cellular structures and macromolecules rather than 
osmotic adjustments alone (Holmberg and Bülow 1998;
Sakamoto et al. 1998; Sakamoto and Murata 2001). The
agronomic performance of the transgenic plants under
stress is significant. More than 50% plants of some
transgenic lines survived on exposure to salt stress and
yielded seeds, which could provide a significant yield
gain under stress conditions. This could be of use for
crop productivity in saline areas. To the best of our
knowledge this is the first report involving transgenic 
indica rice plants with a codA gene and providing data
on yield under salt stress.
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