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GENETIC TRANSFORMATION AND HYBRIDIZATION
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Abstract Transgenic potato plants (Solanum tuberosum
L. cv. Superior) with the ability to synthesize glycinebe-
taine (GB) in chloroplasts (referred to as SC plants) were
developed via the introduction of the bacterial choline
oxidase (codA) gene under the control of an oxidative
stress-inducible SWPA2 promoter. SC1 and SC2 plants
were selected via the evaluation of methyl viologen (MV)-
mediated oxidative stress tolerance, using leaf discs for
further characterization. The GB contents in the leaves of
SC1 and SC2 plants following MV treatment were found to
be 0.9 and 1.43 pmol/g fresh weight by HPLC analysis,
respectively. In addition to reduced membrane damage
after oxidative stress, the SC plants evidenced enhanced
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tolerance to NaCl and drought stress on the whole plant
level. When the SC plants were subjected to two weeks of
150 mM NaCl stress, the photosynthetic activity of the
SC1 and SC2 plants was attenuated by 38 and 27%,
respectively, whereas that of non-transgenic (NT) plants
was decreased by 58%. Under drought stress conditions,
the SC plants maintained higher water contents and accu-
mulated higher levels of vegetative biomass than was
observed in the NT plants. These results indicate that
stress-induced GB production in the chloroplasts of GB
non-accumulating plants may prove useful in the devel-
opment of industrial transgenic plants with increased
tolerance to a variety of environmental stresses for sus-
tainable agriculture applications.

Keywords Choline oxidase - Environmental stress -
Glycinebetaine - Metabolic engineering

Introduction

Plants are frequently exposed to diverse stress conditions,
including salt, drought, heat, low temperature, heavy metals,
and oxidative stress. Today, approximately 20% of the
world’s irrigated land is salt-affected (Munns 2005). This
high salt level is one of the principal limiting factors in crop
productivity. Salt induces several types of plant stresses,
including altered nutrient uptake, the accumulation of toxic
ions especially Na+, osmotic stress, and oxidative stress
(Verslues et al. 2006). Drastic changes in ion and water
homeostasis induced by salinity result in molecular damage,
growth arrest, and even cell death (Zhu 2001). Drought stress
is also a salient factor in reducing the yields of major crops,
and continuously reduced water resources have identified it
as a serious threat to sustainable food production.
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Plants have evolved a variety of mechanisms for adap-
tation to harsh environments, as the result of the
modulation of stress tolerance-related gene expressions and
via the synthesis of compatible solutes. Compatible solutes
including proline, polyoles, trehalose, and glycinebetaine
have been detected in a wide variety of organisms. Gly-
cinebetaine (hereafter GB), a ziwitterionic, fully N-methyl-
substituted glycine derivative is detected in a wide variety
of microorganisms and higher plants and animals (Rhodes
and Hanson 1993). Several taxonomically distinct species,
including spinach and wheat, are natural accumulators of
GB while others, including Arabidopsis, rice, tomato, and
potato are considered to be non-accumulators (Jones and
Storey 1981). GB can accumulate rapidly in GB-synthe-
sizing plants in response to environmental stresses,
including salinity, drought, and low temperature (Rhodes
and Hanson 1993). Increasing evidence from a series of in
vivo and in vitro studies of the physiology, biochemistry,
genetics, and molecular biology of plants suggest strongly
that GB performs an important function in plants subjected
to environmental stresses (Sakamoto and Murata 2000,
2001, 2002). Introducing the GB biosynthesis pathway into
non-accumulators induces an increase in tolerance to a
variety of abiotic stresses. GB increases salt tolerance in
transgenic Arabidopsis and rice (Hayashi et al. 1997; Sa-
kamoto et al. 1998), drought tolerance in maize (Shen et al.
2002; Quan et al. 2004), low temperature tolerance in
Arabidopsis and tomato (Hayashi et al. 1997; Park et al.
2004), freezing tolerance in Arabidopsis (Sakamoto et al.
2000), and photoinhibition tolerance (Alia et al. 1999). GB
also effectively stabilizes the quaternary structures of
enzymes and other complex proteins, and maintains the
highly ordered state of membranes at extremes of in vitro
temperatures or salt concentrations (Papageorgiou and
Murata 1995).

Potato (Solanum tuberosum L.) is one of the major
food crops in many world regions, and ranks fourth in
production after wheat, maize, and rice (Newell et al.
1991). Due to its sparse and shallow root system, the
potato plant is vulnerable to a variety of abiotic stresses,
including severe temperature changes, drought, and high
salinity, and tuber yields can be considerably reduced by
such stresses. Increasing salinity can also significantly
reduce the total and average yields of different potato
cultivars, and the presence of 50 mM NaCl can result in a
50% reduction in the growth of potato plants (Sayari et al.
2005).

The development of germplasms with increased toler-
ance to abiotic stresses would be an appropriate solution to
this problem. Many researchers have employed genetic
engineering to introduce desirable genes in the crop plants
in order to enhance their tolerance to different stresses
(Sakamoto et al. 1998; Park et al. 2004; Tang et al. 2006;
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Lim et al. 2007). Multigenic traits are involved in salt stress
tolerance in plants; thus, success in improving its tolerance
via traditional breeding approaches has proven to be very
limited (Ashraf 2004). A variety of genes such as the oyster
mushroom glyceraldehydes-3 phosphate dehydrogenase,
Arabidopsis thaliana PSCS1 and barley oxalate oxidase
genes have been utilized in the development of transgenic
potato plants with enhanced tolerance to salt and oxidative
stresses (Jeong et al. 2001; Sayari et al. 2005; Turhan
2005). However, there is still a need to genetically engineer
important potato cultivars such as Superior, a worldwide
important cultivar for food and industrial use, under the
control of a stress-inducible promoter.

The importance of the stress-inducible promoters is
overwhelmingly accepted to generate stress-tolerant crops.
Previously, transgenic potato plants expressing both Cu/Zn
superoxide dismutase (SOD) and ascorbate peroxide
(APX) in chloroplasts were developed under the control of
an oxidative stress-inducible sweetpotato peroxidase
(SWPA2) promoter and these plants evidenced enhanced
tolerance to oxidative and high temperature stresses (Tang
et al. 2006). Moreover, the SWPA2 promoter evidenced
higher expression upon treatment with a variety of stress
treatments, including wounding and UV-C, as compared to
the 35 S promoter of the Cauliflower mosaic virus (Kim
et al. 2003). In addition to this, a variety of studies have
been conducted regarding the generation of transgenic
crops, including the sweetpotato, potato, and tall fescue (a
forage crop) under the control of the SWPA2 promoter, and
the results of these studies have verified its utility in the
development of transgenic crops (Tang et al. 2006; Lee
et al. 2007; Lim et al. 2007).

In this study, we report the successful transfer of choline
oxidase (codA) cDNA derived from Arthrobacter globi-
formis to the chloroplasts of potato plants (cv. Superior)
under the control of the stress-inducible SWPA2 promoter.
The expression of the codA gene resulted in GB synthesis
in transgenic potato plants, which subsequently enhanced
the osmotic and oxidative stress tolerance of the transgenic
plants. To the best of our knowledge, this is the first report
concerning the engineering of the GB biosynthesis pathway
in potato plants.

Materials and methods
Plant material and plasmid construction

Sterile potato plants (Solanum tuberosum L. cv. Superior)
were utilized in the transformation experiments. The plants
were propagated via the sub-culturing of shoot tips and
stem nodal sections every 3—4 weeks on MS (Murashige
and Skoog 1962) basal medium containing 3% sucrose.
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The plant expression vector, pGAH/codA containing the
codA, transit peptide (TP) from a small subunit of Rubisco
of tobacco and the nos terminator (T-nos) under the control
of the CaMV 35 S promoter (Hayashi et al. 1997) was
reconstructed. The TP, codA and nos terminator fragments
were excised from pGAH/codA and ligated to a stress-
inducible SWPA2 promoter (Kim et al. 2003) after which
this cassette was loaded into the EcoRI and HindIII sites of
the pCAMBIA3300 binary vector, which harbors the bar
gene as a selection marker. The resultant vector, pScodA,
was mobilized into the Agrobacterium tumefaciens strain
AGLO via a freeze-thaw method.

Plant transformation and regeneration

For potato transformation, Agrobacterium harboring
pScodA was grown for 48 hat28°Cin5 mL of YEP medium
(containing 100 mgL ™" rifampicin and 100 mgL™'
kanamycin). The stem internodes from 3—4-week old plants
were cutinto 5—-10 mm long sections. The axillary buds were
removed carefully from the explants. The explants were pre-
cultured for 2 days on MS basal medium containing
0.2 mgL™' 2,4-D. These explants were inoculated with
Agrobacterium for 10 min and co-cultured for two more
days in darkness on pre-culture medium. After co-culture,
the explants were shifted to regeneration medium (MS
medium containing 0.01 mgL ™" NAA, 0.1 mgL~' GA3 and
2 mgL ™" zeatin) supplemented with 400 mgL ™" cefotaxime
and 1 mgL ™" bialaphos. The tissues were then transferred to
fresh medium after each 15 days. The first shoot regenerate
was acquired after 4-5 weeks. When the shoots were
10-15 mm long, they were cut and transferred to rooting
medium (MS medium containing 3% sucrose, 400 mgL ™"
cefotaxime and 1 mgL ™" bialaphos). Plantlets, which were
capable of developing good root systems on selection med-
ium, were screened further for the presence of the codA gene
via PCR.

PCR analysis

Genomic DNA was extracted using the protocol defined by
Kim and Hamada (2005). The PCR reaction was conducted
with purified genomic DNA in a PCR premix (Bioneer,
Korea) using two convergent primers complementary to
the codA gene. Primer 1: 5-GCT GCT GGA ATC GGG
ATA-3' (forward), primer 2: 5'-TGG GCT TAT CGC GGA
AGT-3' (reverse). The amplification reactions consisted of
94°C for 5 min (1 cycle), followed by 30 cycles (94°C
30 s, 62°C 30 s and 72°C 1 min.) and finally an extension
cycle of 7 min at 72°C. The PCR products were separated
on 1% agarose gel, stained with ethidium bromide, and

visualized under UV. All subsequent experiments were
conducted on the Ty-generation of transgenic plants.

RT-PCR analysis

Leaf discs from 7-week-old plants grown in soil were
treated with 5 uM methyl viologen (MV), 80 mM or
150 mM NaCl solution in order to activate the SWPA2
promoter and induce codA expression. The samples were
collected at 0, 24, 48 and 72 h of treatment and immedi-
ately frozen in liquid nitrogen to prevent RNA degradation.
For drought stress analysis, the leaves were detached from
the plants and positioned on moist tissues in a petri dish.
The petri dish was sealed with micropore surgical tape and
incubated at 25°C in light (150 umol photons m™2 s~ "),
and the samples were collected at the specified intervals
mentioned previously. Total RNA was extracted via the
cetyltrimethylammonium bromide (CTAB) method (Kim
and Hamada 2005), and treated extensively with RNase-
free DNase I in order to remove any contaminating geno-
mic DNA. Two micrograms of RNA was utilized for
reverse transcription in accordance with the manufacturer’s
instructions (Promegea, USA). PCR was conducted with
0.5 pL first-strand cDNA in PCR. The primers for actin (as
internal control) were 5'-TGG ACT CTG GTG ATG GTG
TC-3' (forward) and 5-CCT CCA ATC CAA ACA CTG
TA-3’ (reverse), while with codA, the same primers were
utilized as in the PCR of the genomic DNA. The PCR
conditions were identical for both codA and actin, as
described in the previous section, except for the annealing
temperature and extension time for actin, which were 58°C
and 30-s/cycle, respectively.

Glycinebetaine analysis

Four week-old-plants grown in soil were sprayed with
400 uM MV solution to induce the expression of codA.
The samples were collected after 0 and 72 h of MV-
treatment. GB extraction was conducted as described by
Park et al. (2004). In brief, liquid nitrogen frozen leaves
were powdered with a ceramic mortar and pestle. This
powder (2 g) was then suspended in 2 mL of ice-cold
methanol: chloroform: water (60:25:15) and thoroughly
vortexed. An equal volume of distilled water was added to
the tubes. The resultant homogenate was shaken gently for
10 min, and then centrifuged for 10 minutes at 570x g at
room temperature. The upper methanol-water phase was
transferred to clean tubes. The extracts were freeze-dried
and dissolved in distilled water (2 mL). These extracts
were treated with the strong anion exchange resin, AG
1-X8 (Bio-Rad, Hercules, CA, USA), as described by
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Bessieres et al. (1999). Micro Bio-spin chromatography
columns (Bio-Rad, USA) were packed with AG 1-X8 resin
via the addition of 1 mL of resin slurry and centrifuged at
1,000x g at room temperature in order to eliminate any
water and air bubbles, and to make a tightly uniform resin
bed. Afterward, 1 ml of crude GB extract was loaded into
the resin bed and centrifuged for 3 minutes at 1,000xg.
The resin was washed with 0.5 mL of distilled water and
mixed with the previous flow-through fraction.

GB was measured via high performance liquid chro-
matography, as was previously described by Bessieres et al.
(1999). In brief, purified GB was detected on an Apollo C;g
column (250 x 4.6 mm) under isocratic conditions with
13 mM sodium 1-heptanesulphonate and 5 mM Na,SO,
solution (pH 3.7) as a mobile phase. The GB peak was
monitored using a UV detector (SPD-10A VP, Shimadzu,
Japan) at 200 nm and quantification was conducted via
comparison of the peak surface areas with those obtained
using pure GB standard (Sigma, St Louis, USA).

Methyl viologen (MV) treatment

The leaf disc assay for oxidative stress tolerance was
conducted as described by Kwon et al. (2002). In brief, leaf
discs (8 mm in diameter) were punched from the fifth to
sixth leaf from the top of 7 week-old-plants grown in soil.
The leaf discs were floated on solution containing 3 or
5 M MV in 0.4% sorbitol solution. The samples were
incubated in darkness for 12 h to allow for MV diffusion,
and then illuminated in continuous light (150 pmol pho-
ton m~2 s~ ") at 25°C. Ion leakage of solution was assessed
using an ion conductivity meter (model 455C, Isteck Co.,
Seoul, Korea) over a time-period ranging from 0 to 72 h.
At the end of the specified time-period, the samples were
autoclaved for 15 min at 121°C in order to release all of the
solutes. The conductivity of the solution was again mea-
sured, and this value was considered 100% ion leakage in
calculations of the relative ion leakage at different time
points.

Salt-stress treatment

For in vitro salt stress treatment, plant shoots (3 cm in
height) from the in vitro cultured plants were transplanted
into test tubes (3 x 15 cm) containing 20 mL of basal MS
medium with or without the addition of 80 mM NaCl.
After 4 weeks, sampling was conducted for the analysis of
plant growth-related parameters, such as fresh and dry
weight of the roots and shoots. The dry weight was
assessed after the sample was dried in a drying oven for
48 h at 80°C.
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For salt stress analysis at the whole plant level, trans-
genic SC and non-transgenic (NT) plantlets were permitted
to develop roots in MS medium in petri dishes. After
rooting, these plants were transferred to soil-filled pots (one
plant/pot), and allowed to grow in a growth chamber with a
16 h/8 h photoperiod at 25°C and in 100 pmol
photons m~? s~' light conditions. After 6 weeks of
growth, plants under similar height and health conditions
were selected for NaCl treatment. A volume of 150 mM
NaCl solution was supplied via irrigation through the trays
underneath the pots on alternate days for 2 weeks. After-
wards, the plants were irrigated only with water for
2 weeks in order to allow the plants to recover. The fresh
and dry weights of salt treated plants were determined and
compared with the plants grown under normal conditions.
After harvesting and measuring the fresh weight, the plant
samples were dried for 48 h at 80°C in order to measure the
dry weight.

Photosynthetic activity was recorded via chlorophyll
fluorescence determinations of photochemical yield (F,/
F,,), which represented the maximum quantum yield of
photosystem II, using a portable chlorophyll fluorescence
meter (Handy PEA, Hansatech, England) after 30 min dark
adaptation. Measurements were conducted at room tem-
perature (25°C) using saturating light flashes, on the fifth
leaves of the plants.

Drought-stress treatment

Plantlets rooted on MS medium were transferred to pots
filled with equal quantities of soil, then grown in a growth
chamber for 4 weeks under similar conditions as described
earlier for salt stress treatment. Drought stress was imposed
by withholding the water supply to the plants maintained
at 25°C and under light conditions of 100 pmol
photons m~2 s Before withholding the water supply, the
plants were irrigated with similar quantities of water
through trays placed underneath the pots for 1 week. After
2 weeks of water withholding, the plants were again irri-
gated and permitted to recover from the drought conditions.
Fresh and dry weight gains were measured after 10 days of
recovery, as described in the preceding section, while the
pictures of drought-stressed plants shown in the results
were obtained after 7 days of recovery.

The degree of drought stress was assessed by the relative
water contents of leaves after 10, 12 and 14 days of water
withholding. The relative water contents (RWC%) were
estimated as described by Ma et al. (2006). In brief, we
utilized the following formula: RWC (%) = [(FW—-DW)/
(TW—-DW)] x 100, in which FW = immediate weight of
freshly collected leaves, TW = Turgid weight of leaves
after incubation in water for 6 h at 20°C in the light and
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DW = dry weight of the same leaves after drying at 80°C A HindlII EcoRI
for 48 h. RWC% was measured from the first fully SWPA2pro | TP CodA | T-nos

expanded leaf from the top.

Results
Generation of transgenic potato plants

The codA cDNA was sub-cloned from pGAH/codA to the
pScodA binary vector and was inserted downstream of a
stress-inducible SWPA2 promoter (Fig. 1a). The resultant
plasmid was then transferred to the Agrobacterium tum-
efaciens AGLO strain for potato transformation. In order to
express the codA gene in the chloroplasts of transgenic
plants, a transit peptide (TP) from a small subunit of tobacco
Rubisco was utilized. The putative regenerated potato plants
were selected on MS medium harboring bialaphos. Seven-
teen transgenic lines were developed and codA cDNA
integration was principally verified via genomic DNA PCR
(Fig. 1b), and the expected amplification profiles were
acquired from all transgenic lines. These transgenic plants
were phenotypically indistinguishable from the non-trans-
genic (NT) plants. The transgenic plants harboring the codA
gene under the control of the SWPA2 promoter were des-
ignated “SC” plants. Further confirmation of stable foreign
gene integration and transcription was achieved via RT-
PCR. Four-week-old in vitro grown plants were sprayed
with 200 uM methyl viologen (MV), a reactive oxygen
species (ROS)-generating non-selective herbicide. Samples
were collected after 96 h of MV treatment for the extraction
of total RNA. RT-PCR analysis showed the stable integra-
tion of the codA gene. As expected, the amplified products
were acquired, even though the expression levels differed
among the transgenic lines (Fig. 1c). This data confirmed
the successful transformation and integration of the codA
gene into the genome of the potato plant.

Line selection for further characterization

All 17 of the transgenic lines were grown in a growth
chamber for 6 weeks and utilized to evaluate the enhanced
tolerance against MV-mediated oxidative stress using leaf
discs. Leaf discs, 8 mm in size were punched from the fifth
to sixth leaves from the shoot tip and floated on 0.4% sor-
bitol solution containing 3 pM MV. Ion leakage was
assessed over a time course, and 11 lines evidenced
enhanced tolerance, as shown by the lower levels of recor-
ded ion leakage (data not shown). Among these 11 lines, two
transgenic lines (6 and 12 in Fig. 1c) with the highest
observed tolerance (referred to as SC1 and SC2 plants,
respectively) were selected for further characterization.

— =
Primer: F Primer: R

| pCAMBIA3300 [———

B MNT1 2 3 4 56 7 8 9 1011 12 1314 1516 17 PC

codA

C MNT1 23 4567

codA T

8 9 10 111213 14 15 16 17

Actin

Fig. 1 Development of transgenic potato plants expressing the codA
gene in chloroplasts. a Schematic representation of the T-DNA
regions of pScodA used for potato transformation. SWPA2pro
Sweetpotato peroxidase anionic 2 promoter, TP transit peptide from
the sequence of the small subunit of Rubisco (tobacco), codA choline
oxidase c¢DNA, T-nos terminating sequence from the nopaline
synthase gene. b Genomic DNA PCR analysis of the codA gene
from transgenic plants. Numbers (I-17) represent independent
transgenic lines, M size marker, NT non-transgenic plant, PC positive
control. ¢ RT-PCR analysis of 17 lines expressing stable codA gene
integration in the transgenic plants following MV treatment

Inducible expression of codA gene in transgenic potato
plants

As the foreign gene is driven by a stress-inducible SWPA2
promoter, the level of codA gene expression was analyzed
after MV, salt, and drought stress treatments. It was noted
that the expression of the codA gene was induced profoundly
by MV, salt, and drought stress treatments (Fig. 2). The
expression patterns observed during a time course were
almost identical in both SC1 and SC2 lines. However, the
expression of codA gene was slightly lower in mild stress
conditions (Fig. 2c). Under non-stressed conditions, the
expression of foreign genes was undetectable, but after 24 h
of treatment, the codA gene was induced profoundly
(Fig. 2a—d). As was evidenced by our results, the expression
of the codA gene was enhanced to a greater degree over time.

Glycinebetaine (GB) accumulation in transgenic potato
plants

In order to determine whether the expression of codA
resulted in GB synthesis in the transgenic plants, the GB
was analyzed quantitatively with HPLC. Generally, higher
MYV concentrations are required for the imposition of stress
at the whole plant level and thus transgenic and NT Plants
were subjected to 400 uM MYV prior to sampling in order to
induce the expression of the GB-synthesizing codA gene.
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A MV stress
SC1 SC2

0 24 48 72 0 24 48 72 (h)

NT

B Salt stress (150 mM)

C Salt stress (80 mM)

D Drought stress

Fig. 2 RT-PCR analysis of codA gene expression in the leaves of
non-transgenic (N7T) and transgenic (SC) plants subjected to 5 uM
MV (a), 150 mM NaCl (b), 80 mM NaCl (c¢) and drought stress (d).
Total RNA was extracted after 0, 24, 48 and 72 h of each stress
treatment. First-strand cDNA synthesis and PCR were conducted in
accordance with the manufacturer’s instructions. Actin was utilized as
an internal control. Reaction products (8 ul) were analyzed via gel
electrophoresis. NT non-transgenic potato plants, SC transgenic potato
plants expressing codA gene in the chloroplasts under the control of a
stress-inducible SWPA2 promoter

The potato plant is a natural non-accumulator of GB; we
were unable to detect any GB synthesis in the NT plants,
whereas the transgenic plants accumulated GB. The GB
contents of SC1 and SC2 after 72 h of MV treatment were
0.9 and 1.43 umol/g fresh weight, respectively, whereas
under non-stressed conditions, the GB levels in the leaves
of SC1 and SC2 plants were 0.27 and 0.22 pmol/g fresh
weight, respectively (Fig. 3).

Oxidative stress tolerance of transgenic potato plants

MV-mediated oxidative stress generates massive ROS
bursts, which disrupt the membrane integrity (Bowler et al.
1991). Leaf discs of NT and SC plants were prepared from
plants at the same age, and incubated in 5 uM MV. The ion
leakage is a good indicator of membrane stability against
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Fig. 3 Analysis of glycinebetaine (GB) levels in the leaves of non-
transgenic (NT) and transgenic (SC) plants treated with 400 pM MV
via HPLC. GB was extracted from the non-treated and MV-treated
plants. Samples were collected after 72 h of MV treatment. Data are
expressed as the mean =+ standard deviation (SD) of three replicates

oxidative stress. The protective role of GB against MV-
mediated stress proved effective even after 24 h of stress
treatment, and the SC plants evidenced less ion leakage
until the end of treatment. SC1 and SC2 plants evidenced
(P = 0.05) significantly less ion leakage under MV-stress
as compared to NT plants. The ion leakage of transgenic
SC1 and SC2 plants was 25 and 31%, respectively, whereas
the NT plants evidenced 60% ion leakage after 72 h of MV
treatment (Fig. 4).

Salt stress tolerance of transgenic potato plants

GB is primarily found in plants in salt-affected areas and
previous transgenic studies evidenced enhanced tolerance
to salt stress (Sakamoto and Murata 2001). Keeping this in
mind, we tested our SC plants against salt stress. We ini-
tially induced salt stresses in test tubes, as an in vitro salt-
stress analysis. Shoot apices from the SC and NT plants
were transferred to test tubes containing MS basal medium
with or without 80 mM NaCl. These plants were permitted
to grow for 4 weeks. Severe inhibition of rooting was noted
in the salt-containing medium; however, the inhibitory
effects of NaCl were lower in the transgenic SC plants as
compared to the NT plants. The NT plants could generate
either no roots or only 1 to 2 weak roots, whereas the
transgenic SC1 and SC2 plants developed good and longer
healthy roots. This poor root development in NT plants
resulted in poor shoot growth as well; however, the shoot
development was far superior in the SC1 and SC2 plants
(Fig. 5a). The root and shoot dry weights were determined
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Fig. 4 Effect of MV-mediated oxidative stress treatment on the ion
leakage of codA transgenic SC1 and SC2 transgenic plants. Leaf discs
were treated with 5 pM MYV, incubated at 25°C and a light intensity
of 150 pmol photons m~2 s~'. Ton leakage was measured after 0, 24,
48, and 72 h of MV-treatment. Percentages of ion leakage were
calculated using 100% to represent values obtained after autoclaving.
NT non-transgenic, SCI and SC2 are independent transgenic lines.
Data are expressed as the mean £ SD of three replicates. Bars labeled
with asterisk show significant differences between NT and SC plants
by t-test at P = 0.05

after 4 weeks of growth in medium with or without 80 mM
NaCl. Both the SC1 and SC2 plants maintained signifi-
cantly (P = 0.05) higher root and shoot development as
compared to the NT plants at 80 mM NaCl treatment. The
dry mass gain in the shoots was reduced by only 12% and
6% in the SC1 and SC2 plants, respectively, whereas the
NT plants evidenced a decrease of 39% in shoot dry weight
(Fig. 5b). The root dry weights of the SC1 and SC2 plants
were 45% and 53% higher than in the NT plants (Fig. 5c).

The GB synthesis rendered the transgenic potato plants
tolerant to salt stress in the test tubes, which encouraged us
to evaluate the transgenic plants against salt stress at the
whole plant level. Six-week-old soil-grown plants were
treated with 150 mM NaCl dissolved in water for 2 weeks
on alternate days. After 2 weeks of salt treatment, the
plants were irrigated with water only to permit recovery.
However, the salt absorbed into the soil particles was not
washed out. Salt stress-mediated damage to the photosyn-
thetic apparatus was determined at specified intervals via
measurements of the fluorescence parameters (Fv/Fm)
(Fig. 6a). The gradual decrease in Fv/Fm was recorded,;
however, a drastic decrease was noted after two weeks of
salt application. Although photosynthesis began to decline
after one week of salt stress, both the SC1 and SC2 plants
evidenced higher levels of activity than the NT plants
during the entire course of salt stress treatment. The Fv/Fm

NT SC1 SC2

B 40
[] NT

= T [ sci %
§ 30 J_
< N s
g
5 20F T
2 T
kS
g
5} 10 |-

0 |

0 mM 80 mM
C 8
[] NT

’g 6 T -|_ I:' SC1
<
=) LTL M sc2
%1) %k
g 4
>
S
S
2 2[

0 ] :I‘IE

0 mM 80 mM

Fig. 5 Effects of salt stress on non-transgenic (NT) and transgenic
(SC) plants grown under in vitro conditions. a Effect of NaCl
(80 mM) on root and shoot growth of NT and SC plants grown for
4 weeks in test tubes. b Shoot dry weight of NT and SC plants after
4 weeks of growth in MS medium with or without 80 mM NaCl. ¢
Root dry weight of NT and SC plants after 4 weeks of growth in MS
medium with or without 80 mM NaCl. Data are expressed as the
mean + SD of three replicates. Bars labeled with asterisk show
significant differences between NT and SC plants by #-test at P = 0.05

of the SC1 and SC2 plants were reduced by up to 42% and

23%, respectively, whereas that of the NT plants declined
up to 58% after 4 weeks of growth under salty conditions
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Fig. 6 Effect of salt stress (150 mM) on 6 week-old non-transgenic
(NT) and transgenic (SC) plants grown in soil. Salt was applied for
2 weeks on alternate days and over the next 2 weeks, recovery was
allowed via the application of water only. a Effects of salt stress on
photo-inhibition measured by means of the Fv/Fm values. b Dry
weight of NT and SC plants after salt stress (150 mM) under
greenhouse conditions. Data are expressed as the mean &+ SD of three
replicates. Bars labeled with asterisk show significant differences
between NT and SC plants by t-test at P = 0.05

(Fig. 6a). The reduction in the photosynthetic activity of
SC plants at the end of treatment was significantly
(P = 0.05) less than that of the NT plants.

After the two-week recovery period, the upper portions
of the plants were harvested in order to determine the fresh
and dry weights. The dry weight accumulation of the NT
plants was decreased by 37%, whereas that of the SC1 and
SC2 plants was reduced by only 9% and 4%, respectively
(Fig. 6b). The recorded dry weight was significantly
(P = 0.05) higher in the SC1 and SC2 plants than in the NT
plants. In addition to this, transgenic SC plants generated
higher tuber yields (wt) in our preliminary pot experiments,
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which were conducted to study the tuber yield parameters
under salt stress conditions (data not shown).

Drought stress tolerance of transgenic potato plants

Glycinebetaine (GB) is generally believed to be an effec-
tive osmoprotectant. In order to evaluate whether or not
GB synthesis enhanced the drought tolerance of transgenic
potato plants, 4-week-old soil-grown plants were subjected
to drought stress by withholding their water supply for
2 weeks. It was noted that NT plants began wilting after
12 days of water withholding, while the transgenic plants
evidenced vigorous health. At the end of the drought
treatment, the NT plants were severely wilted, whereas the
transgenic plants evidenced less wilting than the NT plants
(Fig. 7a). After 2 weeks of water withholding, the plants
were again watered and permitted to grow for 10 days in
order to recover from drought stress. Upon watering, the
SC1 and SC2 plants re-assumed a turgid state after 24 h
and continued to grow, whereas the NT plants evidenced
negligible recovery, exhibiting severe bleaching of the
younger leaves and wilting of the lower leaves after 7 days
of recovery (Fig. 7a), which resulted in a failure to survive
after 10 days of recovery.

The relative water contents of drought-stressed plants
were measured over a specified time-period during drought
stress. After 10 days of water withholding, we noted no
significant reduction in the water contents of the NT and
SC plants; however, the water contents of the SC plants
were higher at that time as well (data not shown). The
water contents of the NT plants were drastically reduced
over the next 2 days. After 14 days of drought stress, the
reductions in the water contents of the SC1 and SC2 plants
measured at only 43 and 33%, respectively, and in the NT
plants a 62% reduction was observed (Fig. 7c). The SC1
and SC2 plants maintained significantly (P = 0.05) higher
water contents than the NT plants after 12 and 14 days of
water withholding. The vegetative biomass of the drought-
stressed NT plants was also adversely affected as compared
to the SC1 and SC2 plants. The gain in dry weight of the
SC1 and SC2 plants was decreased by 11 and 6%,
respectively, while it was reduced by 55% in the NT plants
(Fig. 7b). SC1 and SC2 plants accumulated significantly
(P = 0.05) higher dry weight during drought stress than the
NT plants.

Discussion
In the present study, we have demonstrated the successful

Agrobacterium-mediated transformation of an elite potato
cultivar, “Superior”, via the introduction of the
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Fig. 7 Drought stress analysis of non-transgenic (N7) and transgenic
(SC) plants. a Representative figure taken during the treatment, upper
panel shows the plant growth condition after 2 weeks of water
withholding and the lower panel shows the recovered state of plants
after one week of water supply. b Dry weight of NT and SC plants
after drought stress. Dry weights were measured after 10 days of
recovery. Data are expressed as the mean £ SD of five replicates. ¢
Relative water contents of NT and SC plants after 12 and 14 days of
water withholding. The relative water contents were measured from
the first fully expanded leaf from the shoot tip. The data are expressed
as the mean £ SD of three replicates. Bars labeled with asterisk show
significant differences between the NT and SC plants by r-test at
P =0.05

chloroplast-targeted codA gene under the control of a
stress-inducible SWPA2 promoter. The introduction of the
codA gene enabled the transgenic potato plants (SC plants)
to synthesize GB, and rendered these plants increasingly
tolerant to MV, as well as salt and drought stresses. This

work, together with the earlier reports of Hayashi et al.
(1997) for Arabidopsis, Mohanty et al. (2002) for rice and
Park et al. (2004, 2007) for tomato, conclusively demon-
strates that engineering for GB synthesis is an effective
way to impart stress tolerance to non-accumulators, such as
the potato plant. Moreover, this work was conducted using
the popular and economically important Solanum tubero-
sum cultivar, “Superior”.

The transgenic lines harboring the codA gene evidenced
enhanced tolerance to a variety of stresses. As the codA
gene was driven by a stress-inducible promoter, the
induction pattern of the codA gene under different stress
conditions, including MV, salt, and drought verifies the
stable integration and transcription of foreign genes in SC
plants (Fig. 2). Interestingly, Su et al. (2006) compared the
tolerance of transgenic rice plants expressing stress-
induced and constitutive GB-synthesizing genes, indicating
that the accumulation of biomass tends to be greater in the
case of stress-induced GB producers than in constitutively
GB-producing plants during salt stress. In addition to this,
the transgenic potato plants expressing NDPK2 under the
control of the stress-inducible SWPA2 promoter evidenced
significantly enhanced tolerance as compared to constitu-
tively NDPK2-expressing plants (Tang et al. 2007). This
evidence allows us to suggest the potential usefulness of
inducible promoters for the development of stress-tolerant
transgenic crops.

Although the GB level observed (0.9-1.43 pmol/g fresh
weight) for SC plants was lower than that of natural
accumulators, including spinach and the sugarbeet, it was
more or less similar to those described in earlier reports
regarding transgenic plants such as Arabidopsis, rice, and
tomato (Sakamoto and Murata 2000, 2001; Mohanty et al.
2002; Park et al. 2007). Due to the stress-inducible pro-
moter, the GB levels observed after MV treatment were
enhanced by four to sixfold as compared to those without
MYV treatment (Fig. 3). Holmstrom et al. (2000) reported
that GB levels as low as 0.035 pmol/g fresh weight were
capable of enhancing the salinity and low-temperature
tolerance of transgenic tobacco plants.

ROS have been implicated in all types of stresses, and if
not scavenged well in the proper amount of time, they may
induce senescence and cell death. The function of GB in
protecting the enzymes during stressful conditions has
previously been documented in a variety of studies. GB
accumulations prevent membrane damage from a variety of
environmental stresses (Deshnium et al. 1997; Chen et al.
2000), via direct membrane stabilization (Rudolph et al.
1986) and the maintenance of the water shell that surrounds
the surface-exposed membrane proteins (Coughlan and
Heber 1982). Transgenic tomato plants expressing the codA
gene targeted to chloroplasts evidenced enhanced tolerance
against MV-mediated oxidative stress (Park et al. 2004,
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2007). Moreover, the GB-synthesizing transgenic plants,
such as tomato and tobacco, evidenced more profound
antioxidant enzyme activity as compared to the NT plants
under stress conditions (Park et al. 2007; Yang et al. 2006).
Our results are consistent with the findings of previous
reports, in which enhanced tolerance has been measured by
lower levels of ion leakage under the challenging conditions
imposed by MV-mediated oxidative stress (Fig. 4).

Natural GB accumulators are generally salt tolerant. Our
transgenic SC plants also evidenced enhanced growth rates
under salt stress conditions as compared to NT plants, both
in vitro and at the whole plant levels (Figs. 5, 6). It has
been determined, via transgenic approaches, that different
non-accumulators including Arabidopsis, rice, and tomato
not only accumulated GB, but also evidenced enhanced
tolerance against salt stress (Hayashi et al. 1997; Mohanty
et al. 2002; Su et al. 2006; Park et al. 2007). Transgenic
tomato plants that synthesize GB in the chloroplasts evi-
denced higher levels of photosynthetic activity than wild-
type plants under salt stress conditions (Park et al. 2007).
We assume that the codA gene in SC plants is targeted
successfully to the chloroplasts, as the same transit peptide
was utilized as described by Hayashi et al. (1997). The SC
plants maintained higher Fv/Fm values over the entire
period of salt stress (Fig. 6a). Nishiyama et al. (2006) have
presented evidence to suggest that the primary sites at
which photo-damage occurs are the oxygen-evolving
complex and the D1 proteins. Thus, the inhibition of PSII
repair is the principal cause of poor photosynthetic activity
occurring under stressful conditions. The protective effect
conferred by GB has been shown to guard the machinery
required for the degradation and synthesis of the D1 protein
under stress exerted by high salt conditions (Ohnishi and
Murata 2006). Therefore, it may be concluded that the
enhanced photosynthetic activity of SC plants was the
result of GB synthesis in the chloroplasts.

GB is a compatible solute, also known as an osmolyte,
which performs an important function in plants evidencing
enhanced tolerance to osmotic stress. However, the low
level of GB accumulation in transgenic plants has raised
some questions as to its role as an osmolyte. It has been
demonstrated in a variety of previous studies that GB exerts
protective effects, and stabilizes macromolecules, enzyme
activities, and membranes under stressful conditions (Pa-
pageorgiou and Murata 1995; Chen and Murata 2002;
Sakamoto and Murata 2002). Quan et al. (2004) reported
that GB-synthesizing transgenic maize withstands drought
conditions better than wild-type (WT) plants, even though
the GB contents were significantly lower than those of the
natural accumulators. Moreover, during drought stress,
transgenic maize plants accumulated higher levels of solu-
ble sugars and free amino acids than were observed in WT
plants, which ensured the enhanced osmotic protection of
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transgenic plants. The high levels of soluble sugars and free
amino acids might result from the protective effects of GB
on enzyme activities under stress conditions (Quan et al.
2004). Similarly, transgenic tobacco plants evidencing GB
synthesizing abilities also evidenced enhanced tolerance to
polyethylenglycol (PEG)-mediated osmotic stress condi-
tions (Shen et al. 2002). According to our data, GB-
synthesizing potato plants evidenced enhanced tolerance to
drought stress via the maintenance of higher relative water
contents than the NT plants, and these plants recovered
normal growth after irrigation (Fig. 7). Keeping in view the
lower GB levels for osmotic adjustment, we assume that GB
may play a role similar to that observed in other transgenic
plants, and may perform some additional functions as well,
which remain to be elucidated in potato plants.

In conclusion, we successfully developed transgenic
potato plants to synthesize GB in chloroplasts under the
control of a stress-inducible SWPA2 promoter. Our results
indicated that the successful integration of a chimeric gene
resulted in GB synthesis, which subsequently enhanced the
tolerance of transgenic potato plants against a variety of
abiotic stresses including MV, salt, and drought. This tol-
erance was assessed by the reduction in the inhibitory
effects of salt against photosynthesis efficiency and the
maintenance of higher relative water contents under
drought stress conditions. Transgenic plants also evidenced
enhanced membrane stability against oxidative stress con-
ditions. However, the evaluation of SC plants with regard
to yield parameters under different stresses and in field
conditions remain to be conducted. In addition, we are
attempting to introduce the codA gene to transgenic potato
plants expressing both CuZnSOD and APX in their chlo-
roplasts (Tang et al. 2006) or in transgenic potato plants
expressing NDPK2 in the cytosol (Tang et al. 2007) in
order to evaluate the possible synergistic effects of both the
transgenic plants. We anticipate that the study of the
genetic engineering of the GB biosynthesis pathway in
economically important crops, including the potato plant,
may hold great promise for the development of a breeding
program for plants resistance to multiple abiotic stresses.
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