
T
a

D
N
a

b

c

a

A
R
R
A

K
C
G
L
S
W

I

a
p
p
g
f
h
s
a
c
(

b
o
r

I
T

U

0
d

Journal of Plant Physiology 168 (2011) 1286–1294

Contents lists available at ScienceDirect

Journal of Plant Physiology

journa l homepage: www.e lsev ier .de / jp lph

ransformation of tomato with a bacterial codA gene enhances tolerance to salt
nd water stresses

eepa Goela,b,1, Ajay K. Singha,1,2, Vichita Yadava, Shashi B. Babbarb,
orio Muratac, Kailash C. Bansala,∗

National Research Centre on Plant Biotechnology, Indian Agricultural Research Institute, New Delhi-110 012, India
Department of Botany, University of Delhi, North Campus, New Delhi-110 007, India
National Institute for Basic Biology, Okazaki 444-8585, Japan

r t i c l e i n f o

rticle history:
eceived 23 October 2010
eceived in revised form 14 January 2011
ccepted 16 January 2011

a b s t r a c t

Genetically engineered tomato (Lycopersicon esculentum) with the ability to synthesize glycinebetaine
was generated by introducing the codA gene encoding choline oxidase from Arthrobacter globiformis.
Integration of the codA gene in transgenic tomato plants was verified by PCR analysis and DNA blot
hybridization. Transgenic expression of gene was verified by RT-PCR analysis and RNA blot hybridiza-
eywords:
holine oxidase
lycinebetaine
ycopersicon esculentum
alt stress
ater stress

tion. The codA-transgenic plants showed higher tolerance to salt stress during seed germination, and
subsequent growth of young seedlings than wild-type plants. The codA transgene enhanced the salt tol-
erance of whole plants and leaves. Mature leaves of codA-transgenic plants revealed higher levels of
relative water content, chlorophyll content, and proline content than those of wild-type plants under
salt and water stresses. Results from the current study suggest that the expression of the codA gene in
transgenic tomato plants induces the synthesis of glycinebetaine and improves the tolerance of plants to

salt and water stresses.

ntroduction

Increasing environmental stresses, such as salinity, drought,
nd low temperature, pose serious threats to global agricultural
roductivity (Boyer, 1982). Abiotic stresses adversely affect the
hysiological status of an organism by altering its metabolism,
rowth, and development. Thus, the genetic manipulation of plants
or enhancement of tolerance to various kinds of abiotic stresses
as become utmost important in recent years. Plants accumulate

ugars and other compatible solutes in response to such unfavor-
ble environments (Hare et al., 1998). These compounds in some
ases stabilize highly ordered biomolecules under stress conditions
Hare et al., 1998). One of such compatible solutes is glycinebetaine,

Abbreviations: BAP, 6-benzylaminopurine; CTAB, cetyl trimethyl ammonium
romide; DW, dry weight; 1/2-MS, half-strength Murashige & Skoog medium with-
ut plant growth regulator; IAA, indole-3-acetic acid; LE, leaf expansion; RWC,
elative water content.
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which imparts tolerance in plants to abiotic stresses (Hayashi et al.,
1997, 1998; Sakamoto and Murata, 2001, 2002; Chen and Murata,
2002, 2008, 2011).

Glycinebetaine is a highly efficient compatible solute (Le
Rudulier et al., 1984) and its accumulation is strongly associated
with the growth of plants in dry and saline environments (Rhodes
and Hanson, 1993). The level of glycinebetaine is correlated with
the degree of enhanced tolerance to stress (Saneoka et al., 1995). At
high concentrations, glycinebetaine does not interfere with cyto-
plasmic functions and it efficiently stabilizes the structure and
functions of many macromolecules. Glycinebetaine also stabilizes
the oxygen-evolving photosystem II protein–pigment complex at
high concentrations of NaCl (Murata et al., 1992; Papageorgiou
and Murata, 1995). Glycinebetaine is much more effective than the
other compatible solutes in stabilization of the quaternary struc-
ture of enzymes and complex proteins, as well as the highly ordered
state of membrane at high concentrations of salts (Gorham, 2010;
Papageorgiou and Murata, 1995).

Tomato (Lycopersicon esculentum) is one of the most important
crop plants worldwide, because it propagates easily and has a short

lifecycle. Tomato is considered as a model plant for physiological,
biochemical and molecular-genetic investigations (Kalloo, 1991;
Bordas et al., 1997). Salt and water stresses affect seed germina-
tion, root development, shoot development, fruit quality and yield
of tomato plants (Foolad, 2004). Conventionally, deleterious effects

dx.doi.org/10.1016/j.jplph.2011.01.010
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:kailashbansal@hotmail.com
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f salt and water stresses on tomato plants can be ameliorated by
eed priming, plant breeding, and treatment with mycorrhizae. As
ompared to these conventional methods, metabolic engineering
as proved to be a better alternative for combating deleterious
ffects of salt and water stresses. Metabolic engineering of tomato
ould be very useful for increasing crop productivity in salt and
rought-affected areas. Since tomato does not have two enzymes
equired for biosynthesis of glycinebetaine, it cannot produce this
ompatible solute. Introduction of the glycinebetaine-biosynthetic
athway into tomato plants would enhance the tolerance to a vari-
ty of abiotic stresses.

A considerable attention has been given to the genetic engineer-
ng of plants for the biosynthesis of glycinebetaine for enhancement
f tolerance to salt stress (Hayashi et al., 1998; Sakamoto and
urata, 2000; Chen and Murata, 2002, 2008). The most success-

ul genetic engineering of glycinebetaine biosynthesis has been
chieved by introducing choline oxidase, which is encoded by a
acterial codA gene, to various plants, such as Arabidopsis (Hayashi
t al., 1997, 1998; Alia et al., 1998; Sulpice et al., 2003), Brassica
Huang et al., 2000; Prasad et al., 2000), persimmon (Gao et al.,
000), rice (Sakamoto et al., 1998; Mohanty et al., 2002; Su et al.,
006; Kathuria et al., 2009), maize (Quan et al., 2004), and potato
Ahmad et al., 2008). Such transformation for the synthesis of
lycinebetaine enhanced the tolerance of relevant plants towards
arious kinds of environmental stress at all stages of lifecycle of
lants (Chen and Murata, 2008, 2011).

Park et al. (2004) reported that glycinebetaine synthesis in
odA-transgenic tomato protected seeds, plants, and flowers from
hilling damage. However, the effect of the codA transgene on the
olerance of tomato plants to salt and water stress has not been sys-
ematically examined. Development of codA-transgenic tomato can
e employed to minimize the deleterious effects of salt and water
tresses in agriculture. To maintain the current level of productiv-
ty or to increase the total production in marginal saline lands or in
ain-fed areas, tomato cultivars with enhanced levels of glycinebe-
aine are needed.

Enhanced tolerance to abiotic stress has been achieved when
holine oxidase encoded by the codA gene is directed to the chloro-
last (Hayashi et al., 1997; Sakamoto and Murata, 2000; Park et al.,
007a). Transgenic plants genetically engineered with the codA
ene whose product is targeted to chloroplasts accumulate glycine-
etaine primarily in these organelles, and they exhibit enhanced
olerance to chilling stress at various developmental stages (Park
t al., 2004). The concentration and the localization of glycinebe-
aine in the cell influence the tolerance of plants to abiotic stress.
he accumulation of glycinebetaine in chloroplasts of transgenic
lants effectively protects the photosynthetic machinery under salt
tress conditions. This suggests that the subcellular localization of
he synthesis of glycinebetaine might be critical for the enhance-

ent of stress tolerance in tomato plants (Park et al., 2007a).
In this study, we report the development of transgenic tomato

lants with the ability to synthesize glycinebetaine by genetic
ransformation with the codA gene from Arthrobacter globiformis.
he expression of the codA transgene resulted in glycinebe-
aine synthesis in transgenic tomato plants, which subsequently
nhanced the tolerance to salt and water stress.

aterials and methods

lant materials and culture conditions
Seeds of tomato (Lycopersicon esculentum Mill.) cv. Pusa Ruby
ere procured from Division of Vegetable Science, Indian Agricul-

ural Research Institute, New Delhi, India. Seeds were treated with
% sodium hypochlorite for 8 min and washed several times with
ology 168 (2011) 1286–1294 1287

sterile distilled water. After surface sterilization, the seeds were
cultured on half-strength Murashige and Skoog (1962) medium
(1/2-MS). The pH of the medium was adjusted to 5.8 ± 0.02 using
0.1 N NaOH and 0.1 N HCl prior to addition of 0.8% (w/v) agar
(Bacteriological grade, Hi-media, Mumbai, India). The cultures
were maintained at 24 ± 2 ◦C, at relative humidity 60–65% and
under a 16/8-h light/dark photoperiod at a light intensity of
50 �mol m−2 s−1 from cool white fluorescent tubes (Phillips, Mum-
bai, India).

Vector plasmid

The pGAH/codA binary vector (Hayashi et al., 1997), which had
been introduced into Agrobacterium tumefaciens (strain GV 2260),
was used for transformation of tomato. The vector contained the
codA gene ligated at the N-terminal end with cDNA that encoded
the transit peptide of the small subunit of Rubisco of tobacco, the
35S promoter of cauliflower mosaic virus, and the terminator of the
gene for nopaline synthase, as described previously (Hayashi et al.,
1997).

Transformation procedure

Cotyledons of tomato cv. Pusa Ruby were pre-cultured for 2 d
on the solid MS medium (Murashige and Skoog, 1962) supple-
mented with 2.5 mg/L BAP and 0.5 mg/L IAA. The cotyledon explants
were immersed for 15 min in a cell suspension of A. tumefa-
ciens that harbored the pGAH/codA binary vector. After transfer
on the MS medium, which contained 2.5 mg/L BAP, 0.5 mg/L
IAA, 50 mg/L kanamycin, 20 mg/L hygromycin, and 250 mg/L cefo-
taxime, the explants were kept in darkness for 2 d. Then, after
growth for 3–4 weeks at 16/8 h light/dark photoperiod, the explants
with emerging shoot buds were isolated and cultured on MS
medium supplemented with 0.5 mg/L BAP, 50 mg/L kanamycin,
20 mg/L hygromycin, and 250 mg/L cefotaxime. For rooting, shoots
(15–20 mm in length) were transferred onto 1/2-MS medium that
contained 25 mg/L kanamycin and 250 mg/L cefotaxime. Resul-
tant plantlets with shoots and roots were transferred to liquid
1/2-MS medium and were allowed to grow for 10 d. Finally, the
plantlets were transferred to pots that contained autoclaved soilrite
moistened with 1/4-MS salts and were covered with transparent
polythene bags to maintain high humidity. After 15 d, plants were
transferred to pots that contained a mixture of soilrite, sand, and
vermiculite in the ratio of 2:1:1 (by weight) and were kept in a
phytotron.

Isolation of intact chloroplasts

T1 transgenic plants of 46-1, 46-2 and 46-3 lines (see, Results
and discussion section) were kept in darkness for 3 d. Intact chloro-
plasts were isolated from leaves of these plants with the Chloroplast
Isolation Kit (Sigma, St. Louis, MO, USA) according to the manufac-
turer’s protocol.

Analysis and quantification of glycinebetaine

Glycinebetaine was extracted and analysed by HPLC, as
described by Naidu (1998). The quantification of glycinebetaine
was done as demonstrated earlier by Park et al. (2004).

Analysis of genomic DNA by polymerase chain reaction and by

blot hybridization

Genomic DNA was isolated from leaves of T1 transgenic
plants by CTAB (cetyl trimethyl ammonium bromide) method
(Murray and Thompson, 1980). Isolated DNA was subjected to
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olymerase chain reaction (PCR) to amplify the nptII and codA
enes. The oligonucleotides used for PCR analysis of the nptII
ene were 5′-AAGATGGATTGCACGCAGGTTC-3′ (forward primer),
nd 5′-GAAGAACTCGTCAAGAAGGCA-3′ (reverse primer). Primers
sed to amplify the codA gene were 5′-CGACTACATCGTCGTCGGCG-
′ (forward primer) and 5′-CGGTGTTGTGCGTCTTGCGG-3′ (reverse
rimer). The amplified products were electrophoresed on a 1.0%
garose gel.

For DNA blot analysis, 10 �g genomic DNA, isolated as described
bove, was digested with BamH1 for 14 h and separated on a
.8% agarose gel. DNA was then transferred to a nylon membrane
Hybond N+, Amersham, Piscataway, NJ, USA). The coding sequence
f the codA gene was used as a probe for DNA blot hybridization. The
robe was labeled with (�-32P)-dCTP labeled probe using Random
rimer Labeling Kit (Stratagene). Hybridization was carried out for
6 h at 65 ◦C in the presence of the labeled probe. After hybridiza-
ion, the membrane was washed with 2 × solution of sodium citrate
SSC) + 0.1% SDS, 1 × SSC + 0.1% SDS, and 0.1 × SSC + 0.1% SDS at
0 ◦C. An autoradiogram was obtained after 2 d exposure of the
embrane at −80 ◦C.

nalysis of RNA

Total RNA was isolated from young leaves of T1 transgenic plants
sing RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). RT-PCR
as performed using one-step RT-PCR kit (Qiagen) to amplify the

ptII and codA genes. The amplified products were analysed by
lectrophoresis on a 1.0% agarose gel.

For RNA blot hybridization, total RNA was fractioned on a 1%
w/v) agarose gel that contained 2% (w/v) formaldehyde. Subse-
uently, RNA was transferred on to a zeta probe membrane and
hen hybridized with a [32P]-dCTP-labeled probe (a codA gene-
pecific probe) for 24 h. After hybridization, the membrane was
ashed as described above for DNA blot hybridization. An autora-
iogram was obtained by exposing the membrane to X-ray film at
80 ◦C for 2 d.

egregation pattern in T1 plants

To evaluate the segregation pattern, seeds that had been har-
ested from T0 transgenic plants were surface-sterilized and were
ultured on 1/2-MS medium that contained 50 mg/L kanamycin and
0 mg/L hygromycin. The T1 transgenic lines 46-1, 46-2 and 46-3
see, Results and discussion section) were self-crossed to obtain T2
eeds. In order to evaluate further segregation, seeds obtained from
1 transgenic plants were germinated on antibiotic-containing
/2-MS medium as described above. Cultures were maintained
nder conditions that were similar to those as described above.
fter 10–12 d of incubation, kanamycin-resistant and kanamycin-
ensitive seedlings were scored. Kanamycin-resistant seedlings
ere grown further and then transferred to phytotron to perform

arious physiological experiments.

ssessment of salt tolerance during germination of seeds

Transgenic plants were assessed for changes in tolerance to
alt (NaCl) stress by frequency of seed germination in NaCl-
upplemented medium. T1 seeds obtained from T0 progeny were
urface sterilized as described above and germinated on 1/2-MS
edium that contained 0, 100 and 150 mM NaCl. Germination and

rowth of seedlings were analysed after growth for 10 d under salt
tress conditions.
ssessment of salt tolerance in whole plants and leaves

To assess the tolerance of whole plants to salt stress, plants were
rrigated with 150 mM NaCl for 10 d. To assess the tolerance of
ology 168 (2011) 1286–1294

whole plants to water (deficient) stress, the irrigation was withheld
for 7 d.

The tolerance of leaves to salt stress was examined by leaf-disc
assay. The youngest fully expanded leaves collected from wild-type
and transgenic (T1) plants were washed with distilled water. Leaf
discs (10 mm) were obtained from the leaves using cork borers.
The discs were placed in Petri dishes that contained a solution of
200 mM NaCl and incubated at 25 ± 2 ◦C for 7 d under continuous
light of 50 �mol m−2 s−1 that was provided by cool white fluores-
cent tubes.

For physiological assessment, T1 transgenic plants of 46-1 and
46-2 lines and wild-type plants were kept in a greenhouse under
controlled temperature and humidity conditions. For measure-
ment of relative water content (RWC), leaf discs were obtained
as described above. Fresh weight (FW) of leaf discs was deter-
mined immediately. The leaf discs were placed in distilled water
for 4 h at room temperature to regain turgidity, and then were
placed on tissue paper to remove excess water to determine
the turgid weight (TW). Subsequently, leaf discs were oven-dried
for 12 h at 80 ◦C to determine the dry weight (DW). Relative
water content was calculated according to the formula RWC
(%) = [(FW − DW)/(TW −DW)] × 100

Leaf expansion and plant height of transgenic and wild-type
plants were measured every day. Chlorophyll content was quan-
tified by the dimethylsulphoxide (DMSO) method (Prieto et al.,
2004); a 250 mg leaf was immersed in 5 mL of DMSO at 65 ◦C
in darkness for 12 h. The absorbance of the extract was recorded
at 649.1 and 665.1 nm using a spectrophotometer. Proline con-
tent was measured in leaves by the method of Bates et al.
(1973).

Results and discussion

Generation of transgenic plants

The codA gene driven by the CaMV 35S promoter was introduced
in tomato plants by Agrobacterium-mediated transformation. The
construct used for transformation included the transit peptide
that facilitated the targeting of choline oxidase to chloroplasts.
About 80% pre-cultured cotyledonary explants, which had been
co-cultivated with Agrobacterium, formed calli on MS medium
that contained 2.5 mg/L BAP, 0.5 mg/L IAA, 50 mg/L kanamycin,
and 20 mg/L hygromycin. During subsequent culture on the same
medium for three weeks, shoots regenerated from the calli. These
shoots were elongated and subsequently multiplied as indepen-
dent putative transgenic lines on the MS medium that had been
supplemented with 0.5 mg/L BAP. We obtained 10 putative trans-
formed T0 plants that were resistant to both kanamycin and
hygromycin.

An initial screening of the putative transgenic plants was car-
ried out by polymerase chain reaction (PCR) analysis with primers
for nptII and codA genes as described in Materials and methods
section. The result showed that six among the 10 putative T0 trans-
genic plants revealed two bands on the agarose gel at 0.7 and
1.3 kb, which corresponded to nptII and codA genes, respectively
(data not shown). These six T0 transgenic plants were then sub-
jected to the RT-PCR analysis to determine the level of expression
of nptII and codA genes. Among the six T0 plants, we selected
three plants of independent lines, which showed the highest lev-
els of expression of the codA gene at 1.3 kb (data not shown), and

termed them 46-1, 46-2 and 46-3. They were self-crossed to gen-
erate T1 seeds. The T1 seeds were, then, germinated on kanamycin
and hygromycin-enriched MS basal medium. The resultant plants,
which were resistant to both antibiotics, were transplanted in pots
in a greenhouse and self-crossed to generate T2 seeds.
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Fig. 1. Integration of the codA transgene in the genome of T1 transgenic tomato
plants of three independent lines 46-1, 46-2 and 46-3. (A) PCR analysis of the
genomic DNA from leaves of transgenic plants, using nptII and codA gene-specific
primers. Bands at 0.7 and 1.3 kb corresponded to PCR products of the nptII and codA
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Fig. 2. Expression of the codA transgene in T1 transgenic tomato plants of three
enes, respectively. (B) DNA blot analysis of the genomic DNA from leaves of trans-
enic plants, using the codA-specific probe. The genomic DNA was digested with
amHI.

olymerase chain reaction and DNA blot analysis of transgenic
lants

We examined, by PCR and DNA blot hybridization, the mode of
ntegration of the recombinant codA gene into the genome of trans-
ormed T1 plants of the three independent lines. We extracted the
enomic DNA from leaves of T1 plants of each of the three indepen-
ent lines 46-1, 46-2 and 46-3. Analysis by PCR of genomic DNA
ith primers, described in Materials and methods section, showed

wo bands at 0.7 and a 1.3 kb that corresponded to the nptII and
odA genes, respectively, in each of the three lines of transgenic
lants (Fig. 1A). These results suggested that the recombinant codA
ene had been integrated into the genome of transgenic plants in
ach of the three independent lines.

Transgenic plants were also subjected to DNA blot analysis using
he codA-coding region as a probe. The result revealed that T1
lants of independent 46-1, 46-2, and 46-3 lines, showed one, two,
nd three bands, respectively, whereas no hybridization signal was
bserved in wild-type plants (Fig. 1B). Positions of the hybridization
ands on the blot analysis varied among the three lines, suggest-

ng that the sites of insertion of the recombinant codA gene were
ifferent among the three lines. These results of PCR and DNA blot
ybridization analyses might suggest that the number of integrated
opies of the recombinant codA gene was one, two, and three in the
1 plants of 46-1, 46-2, and 46-3 lines, respectively.
Both the location in the genome and the copy number of the
ransgene is known to affect the level of transgene expression.
herefore, these findings may account for the difference in phe-
otype among the transgenic plants, which are described below.
independent lines 46-1, 46-2 and 46-3. RNA blot analysis of RNA from leaves of
transgenic plants, using the codA-specific probe. Equal loading of total RNA was
assessed by ethidium bromide staining of rRNA bands.

Expression of the codA gene in transgenic plants

The expression of the codA gene in leaves of T1 plants was anal-
ysed by RNA blot hybridization using the codA-coding region as a
probe. The result revealed that levels of the codA transcripts were
different among the three lines of plants. The level of codA tran-
scripts in line 46-1 and 46-2 plants was higher than that in 46-3
plants (Fig. 2). By contrast, the codA transcripts were not detected
in wild-type plants. The expression of the codA gene in leaves of
T1 transgenic and wild-type plants were examined also by RT-PCR
using nptII and codA gene-specific primers. The result indicated that
both codA and nptII genes were expressed in the transgenic plants
of lines 46-1, 46-2, and 46-3. However, transcripts for codA and nptII
genes were not detected in wild-type plants (data not shown).

Segregation analysis

To analyse the stable integration, the copy number, and her-
itability of the codA transgene in the nuclear genome, T1 seeds
from T0 transgenic plants were germinated on 1/2-MS medium
supplemented with kanamycin and hygromycin. Wild-type plants
were sensitive to the antibiotics and none of the seeds germinated.
Antibiotic-resistant and PCR-positive T1 transgenic plants were
grown and self-crossed in order to obtain T2 seeds. The resultant T2
seeds thus obtained from individual T1 transgenic lines 46-1, 46-2
and 46-3 were again subjected to segregation analysis. T2 seeds of
46-1 and 46-2 lines showed 100% germination in the presence of
both kanamycin and hygromycin, suggesting that these two lines
were homozygous for the codA transgene. By contrast, T2 seeds
of transgenic lines 46-3 showed segregation of 3:1 for antibiotic-
resistant germination, suggesting that this line was hemizygous for
the codA transgene. Therefore, T1 transgenic plants of 46-1 and 46-2
lines were used for the following experiments.

Accumulation of glycinebetaine in codA-transgenic plants

Table 1 shows that T1 transgenic plants of 46-1, 46-2 and 46-
3 lines accumulated glycinebetaine in leaves at levels of 297, 256,
and 214 nmol g−1 fresh weight, respectively. These plants accumu-
lated glycinebetaine in intact chloroplasts from leaves at levels of
8.6, 7.2 and, 5.5 nmol mg−1 chlorophyll, respectively (Table 1). By
contrast, wild-type plants did not accumulate glycinebetaine either

in leaves or in chloroplasts (Table 1). These values were consistent
with the result of Park et al. (2007a) in codA-transgenic tomato of
another variety, which revealed the glycinebetaine content at levels
of 9 nmol mg−1 chlorophyll.
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Table 1
Levels of glycinebetaine in the leaves and intact chloroplasts isolated from leaves of three antibiotic-resistant T1 transgenic plants. Plants were incubated in darkness for 3
days, and intact chloroplasts were isolated from leaves using Chloroplast Isolation Kit (Sigma). Values are the average of three replicates ± SD.

Parameter Wild-type Transgenic lines
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Glycinebetaine in the leaves (nmol g−1 fresh weight)
Glycine betaine in intact chloroplasts isolated from leaves (nmol mg−1 chlorophy

nhanced tolerance of codA-transgenic seeds to salt stress

To examine the tolerance of codA-transgenic plants to salt stress
uring germination of seeds and growth of young seedlings, seeds
f transgenic plants and wild-type plants were allowed to germi-
ate on MS medium that contained 0, 100 and 150 mM NaCl. While
eeds of wild-type plants germinated at a high frequency in the
bsence of NaCl, none of such seeds germinated in the presence of
00 and 150 mM NaCl (Fig. 3A). By contrast, transgenic T1 seeds
howed a high frequency of germination in the presence of 100
nd 150 mM NaCl (Fig. 3B). However, although the germination
requency was unaffected by salt stress, growth of young seedlings
f codA-transgenic plants was repressed at 100 mM NaCl and was
everely repressed at 150 mM NaCl (Fig. 3B).

Germination of seeds and growth of young seedlings are most
mportant developmental stages in the plant lifecycle and are
ighly sensitive to salt stress (Bewley and Black, 1982; Mayer and
olijakoff-Mayber, 1982). The results in the present investigation
uggest that the transformation of tomato plants with the codA gene
s a powerful strategy to increase the productivity of tomato in the
aline field.
nhanced tolerance of codA-transgenic plants to salt stress

To investigate the effect of the codA transgene on the tolerance
o salt stress in whole plants, T1 transgenic plants were compared

ig. 3. Difference in the tolerance to salt stress during germination between seeds
rom wild-type plants and seeds from T1 transgenic plants of line 46-2. Seeds were
llowed to germinate for 10 d on MS medium supplemented with 0, 100 and 150 mM
aCl.
46-1 46-2 46-3

0 297 ± 18 256 ± 15 214 ± 12
0 8.6 ± 1.2 7.2 ± 0.9 5.5 ± 0.7

with wild-type plants under stress conditions by irrigation with
150 mM NaCl for 10 d. Old transpiring leaves of wild-type plants
turned yellow, and finally the whole plant died after exposure to
the salt stress for 10 d. By contrast, the codA-transgenic plants grew
well (Fig. 4A). These results suggest that the biosynthesis of glycine-
betaine is critical for attaining the enhancement of salt tolerance of
plants.

Similarly, codA-transgenic plants survived and performed better
under water stress conditions. By contrast, non-transgenic wild-
type plants failed to withstand water stress conditions (Fig. 4B).

When salt and water stresses were removed, codA-transgenic
plants recovered fully while wild-type plants did not recover at all
(data not shown).

Improved tolerance of codA-transgenic plants to salinity was
reported in Arabidopsis (Hayashi et al., 1997, 1998; Sulpice et al.,
2003), Japonica rice (Sakamoto et al., 1998), Indica rice (Mohanty
et al., 2002), Indian mustard (Prasad et al., 2000), and tobacco
(Konstantinova et al., 2002). Improved tolerance of glycinebetaine-
biosynthetic transgenic plants to water stress has been observed
in cotton (Lv et al., 2007), maize (Quan et al., 2004), and wheat
(Wang et al., 2010). The results in present study are consistent with
previous investigations.

Enhanced tolerance of leaves from codA-transgenic plants to salt
stress

The tolerance of T1 transgenic plants to NaCl stress was anal-
ysed by leaf disc assay. When leaf discs from codA-transgenic and
wild-type plants were treated with 200 mM NaCl for 7 d, leaf discs
from the transgenic plants remained green, whereas leaf discs from
wild-type plants showed bleaching symptoms (Fig. 5). These results
suggest that codA-transgenic plants conferred the tolerance to salt
stress at the leaf level.

Physiological assessment of transgenic plants under salt and
water stresses

Relative water content (RWC) in leaves: under non-stressed, salt
and water stress conditions, transgenic T1 plants of lines 46-1 and
46-2 showed a high level of RWC than that of wild-type plants
(Fig. 6A). When wild-type plants were subjected to salt stress
at 150 mM of NaCl for 10 d, the RWC decreased from 77 ± 5% to
57 ± 4%. By contrast, when T1 plants were exposed to 150 mM NaCl
for 10 d, the RWC decreased from 87 ± 6% to 82 ± 5%. During expo-
sure to water stress due to withdrawal of irrigation for 7 d, the RWC
decreased from 77 ± 5% to 55 ± 5% in wild-type plants but from
87 ± 6% to 78 ± 5% in codA-transgenic plants (Fig. 6A). These results
suggested that the expression of the codA gene and the resultant
accumulation of glycinebetaine in transgenic tomato plants had a
strong effect in maintaining the RWC in leaves, which could be
achieved by preventing the loss of water from leaves or by pro-
moting the incorporation of water in roots.
Leaf expansion: leaf expansion was significantly higher in trans-
genic plants in comparison to wild-type plants under non-stressed,
salt stress and water stress conditions (Fig. 6B). When wild-type
plants were exposed to salt stress at 150 mM of NaCl for 10 d, leaf
expansion decreased from 1.1 ± 0.07 cm to 0.5 ± 0.07 cm. In con-
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to 1.29 ± 0.25 mg g−1 FW. In contrast, when T1 transgenic plants
ig. 4. Difference in the tolerance to salt and water stresses at the whole plant
evel between wild-type plants and T1 transgenic plants of line 46-2. (A) Salt stress.
lants were irrigated with 150 mM NaCl for 10 d. (B) Water stress. The irrigation was
ithheld for 7 d.

rast, when codA-transgenic plants were subjected to the same
onditions, the leaf expansion decreased from 1.4 ± 0.09 cm to
.2 ± 0.09 cm. During exposure to water stress due to withdrawal of

rrigation for 7 d, the leaf expansion decreased from 1.1 ± 0.07 cm
o 0.6 ± 0.05 cm in wild-type plants but from 1.4 ± 0.09 cm to
.0 ± 0.07 cm in codA-transgenic plants (Fig. 6B). These results
howed that the leaf expansion was significantly repressed when
ild-type plants were subjected to salt and water stress. In con-

rast, only slightly reduced expansion of leaves was observed in

ransgenic plants under salt and water stress conditions.

Plant height: similarly, when plant height was measured, the
ransgenic plants showed significant increase in plant height com-
ared to wild-type plants under non-stressed, salt stress and
Fig. 5. Difference in the tolerance to salt stress between leaves from wild-type plants
and T1 transgenic plants of line 46-2. Leaf discs were excised from transgenic and
wild-type plants and were immersed in 200 mM NaCl for 7 d.

water stress conditions (Fig. 6C). When wild-type plants were sub-
jected to salt stress at 150 mM of NaCl for 10 d, the plant height
decreased from 15.0 ± 1.1 cm to 9.5 ± 0.1 cm. By contrast, when
codA-transgenic plants were exposed to 150 mM NaCl for 10 d, the
plant height decreased from 20.5 ± 1.2 cm to 18.0 ± 1.5 cm. Dur-
ing exposure to water stress due to withdrawal of irrigation for
7 d, the plant height decreased from 15.0 ± 1.1 cm to 3.5 ± 1.1 cm
in wild-type plants but from 21.0 ± 1.2 cm to 8.5 ± 1.5 cm in codA-
transgenic plants (Fig. 6C). These results suggested that the increase
in plant height was significantly affected by salt and water stress
conditions in wild-type plants, whereas it was reduced only
marginally in codA-transgenic plants under salt and water stress
conditions.

The result in Fig. 6 indicates that the codA-transgenic tomato
plants performed better than wild-type plants, in terms of RWC, leaf
expansion, and plant height, under non-stress conditions. These
findings might be related to previous observations; namely, Sulpice
et al. (2003) observed that codA-transgenic Arabidopsis plants pro-
duced more numbers of flowers and seeds than wild-type plants
when grown under non-stress conditions; Park et al. (2007b)
observed that the codA transgene increased the sizes of flower
buds and flowers of tomato plants under non-stress conditions.
Microarray analysis of the expression of genes in flower buds of
wild-type and codA-transgenic tomato revealed that the codA trans-
gene enhanced the expression of a number of genes for cell division
(Park et al., 2007b). The codA-transgenic rice plants enhanced the
expression of many genes that are involved in the response of
plants to abiotic stress (Kathuria et al., 2009). These studies pro-
vided evidence that the enhanced expression of stress-responsive
and cell cycle-related genes in glycinebetaine accumulating trans-
genic plants might be a plausible explanation for the enhanced
performance of codA-transgenic plants under non-stress condi-
tions.

Chlorophyll content in leaves: transgenic plants showed high
chlorophyll content as compared to wild-type plants under non-
stressed, salt stress and water stress conditions (Fig. 6D). When
wild-type plants were exposed to salt stress at 150 mM of NaCl
for 10 d, chlorophyll content decreased from 2.50 ± 0.30 mg g−1 FW
were subjected to 150 mM NaCl for 10 d, the chlorophyll content
decreased from 3.40 ± 0.30 mg g−1 FW to 3.26 ± 0.25 mg g−1 FW.
During exposure to water stress due to withdrawal of irrigation
for 7 d, the chlorophyll content decreased from 2.50 ± 0.30 mg g−1
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ig. 6. Physiological assessment of wild-type plants and T1 transgenic plants of lin
n terms of (A) relative water content, (B) leaf expansion, (C) increase in plant he
nvironmental conditions as described in the Materials and method section. Then
ithheld for 7 d for water stress. Each value represents the average of three indepe

W to 1.64 ± 0.20 mg g−1 FW in wild-type plants but from
.40 ± 0.30 mg g−1 FW to 2.73 ± 0.25 mg g−1 FW in codA-transgenic
lants (Fig. 6D). The enhanced tolerance of the transgenic plants to
alt and water stresses was possibly related to the high content
f chlorophyll in leaves as compared to non-transgenic wild-
ype plants under salt and water stress conditions. Blunden et al.
1997) and Whapham et al. (1993) reported that treatment of
omato leaves with seaweed extracts that contained glycinebetaine
ncreased the content of chlorophyll in leaves. Matoh et al. (1987)
uggested that betaines play a role, as cytokinins, in increasing the
ontent of chlorophyll in leaves.

In separate experiments, we observed that, during exposure to
50 mM NaCl, young seedlings of codA-transgenic plants grew sig-
ificantly faster than that of wild-type plants in terms of length,
resh weight, and dry weight of leaves (data no shown). Significant
mprovement in growth of seedlings in transgenic plants over wild-
ype plants under salt stress could be due to enhancement of their
apacity to photosynthesize even in the presence of NaCl at levels
hat were inhibitory to wild-type seedlings.
-1 and 46-2 under salt and water stresses. Physiological activities were measured
nd (D) chlorophyll content. Plants were grown in a greenhouse under controlled
ts were irrigated with 150 mM NaCl for 10 d for salt stress or the irrigation was
experiments ± standard deviation (SD).

Increase in proline levels by the codA transformation

Previous studies have demonstrated that plants accumulate
proline in the response to various kinds of environmental stress
and, in particular, salt and drought stresses (Trovato et al., 2008).
Therefore, we examined the level of proline in wild-type and codA-
transgenic plants under non-stressed and salt-stressed conditions.
Interestingly, the level of proline accumulated in codA-transgenic
plants was much higher than that in wild-type plants under both
non-stressed and salt-stressed conditions (Fig. 7). The result also
showed that the level of proline accumulation increased with
an increase in concentration of NaCl. Under non-stressed condi-
tions, the proline level was 20.0 ± 2.20 �g g−1 FW in wild-type
plants, while the proline level was 37.0 ± 2.5 �g g−1 FW in codA-

transgenic plants. When wild-type plants were subjected to salt
stress at 150 and 200 mM NaCl for 10 d the proline levels were
35.0 ± 2.5 and 48.0 ± 3.5 �g g−1 FW, respectively. In contrast, when
codA-transgenic plants were exposed to salt stress at 150 and
200 mM NaCl for 10 d, the proline levels were 64.0 ± 3.0 and
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6-2. Plants were grown in a greenhouse under controlled environmental conditions
s described in the Materials and method section and then exposed to salt stress
t 0, 150 and 200 mM NaCl for 10 d. Each value represents the average of three
ndependent experiments ± standard deviation (SD).

2.0 ± 4.5 �g g−1 FW, respectively. An increase in levels of proline
n response to salt stress was observed also in codA-transgenic rice
lants (Sakamoto et al., 1998).

Among compatible solutes, proline is considered to be of major
mportance. A large number of plant species accumulate proline in
esponse to stresses, such as salinity and drought (Trovato et al.,
008). However, the mechanism for the enhanced accumulation of
roline in codA-transgenic plants remains to be clarified.

onclusions

In the present investigation, we transformed tomato plants
ith the bacterial codA gene that encodes choline oxidase and

solated three independent transgenic lines. Analyses by PCR and
NA blotting clearly indicated that the codA gene had been suc-
essfully integrated in transgenic tomato plants but at different
ositions of the genome among the three transgenic lines. Analy-
es by RT-PCR and RNA blotting indicated that the integrated codA
ene was expressed in the three lines of transgenic plants. Direct
easurement of glycinebetaine suggested that transgenic plants

ynthesized this compatible solute by the action of choline oxidase.
The codA-transgenic tomato plants revealed a much higher fre-

uency of seed germination and faster growth of young seedlings
nder salt stress conditions than non-transformed tomato plants.
nhanced tolerance of codA-transgenic tomato plants to salt stress
as observed also at the whole plant level. The transgenic plants

evealed enhanced leaf expansion and increase in plant height as
ompared to wild-type plants under salt stress, as well as non-
tressed conditions.

In other plants, such as Arabidopsis (Hayashi et al., 1997) and
ice (Sakamoto et al., 1998; Mohanty et al., 2002; Su et al., 2006),
he codA transgene enabled the accumulation of glycinebetaine
nd enhanced the tolerance against salt stress. The present study
lso demonstrated that the codA-transgenic tomato enhanced the
olerance to salt stress. Park et al. (2007a) observed that the
odA transgene enhanced the salt tolerance of the photosynthetic
achinery of tomato plants; the results are consistent with those

n the present study.

The present investigation demonstrated that transformation of

omato plants with the codA gene also enhanced the tolerance to
ater stress at the whole plant level. Protection by the codA trans-

ene in tomato plants against water stress was observed in the
nvestigation of relative water content, leaf expansion, and plant
ology 168 (2011) 1286–1294 1293

growth measured by plant height, and chlorophyll content. An
increase in the levels of glycinebetaine accumulation enhanced
drought tolerance also in other transgenic plants, such as cotton
(Lv et al., 2007), maize (Quan et al., 2004), and wheat (Wang et al.,
2010). The enhanced tolerance of the transgenic plants was possibly
due to the higher water retention capacity and the higher chloro-
phyll content in leaves than wild-type plants under salt and water
stress conditions.
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