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Abstract Embryogenic callus of Phalaenopsis
amabilis derived from leaf tissue was cocultivated with
Agrobacterium tumefaciens strain LBA4404 harboring
a plant cloning vector. The vector carried the lipid
transfer protein (LTP) encoding gene cloned from cold
tolerant Brazilian upland rice cv. IAPAR 9. The highest
transformation efficiency (12.16%) was obtained when
1-2 mm calli were infected and cocultivated with 0.4
(ODgqq) A. tumefaciens for 20 min. Transgene integra-
tion of kan-resistant plants was confirmed through
polymerase chain reaction analysis and Southern
hybridization. Four hundred seventy transgenic plants,
each derived from an independent protocorm-like body,
were obtained. The expression of rice cold-inducible
LTP gene in transgenic P. amabilis improved its
adaptive responses to cold stress. The examination of
transgenic plants revealed that enhanced cold tolerance
was most likely due to the increased accumulation of
several compatible solutes such as total soluble sugars,
proline, antioxidant superoxide dismutase, decreased
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accumulation of malondialdehyde, and maintained
electrolytes within the membrane compared with
controls.
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Abbreviations

ANOVA Analysis of variance

AS Acetosyringone

BAP 6-Benzylaminopurine

Cef Cefotaxime

EDTA Ethylene diaminetetraacetic acid
EL Electrolyte leakage

Kan Kanamycin

LB Lauria bertani

LTP Lipid transfer protein

MDA Malondialdehyde

MET Methionine

MS Murashige and Skoog medium
NAA Naphthalene acetic acid

NBT Nitroblue tetrazolium

npt 11 Neomycin phosphotransferase 11
PCR Polymerase chain reaction
PLB Protocorm-like body

pUbi Plant ubiquitin promoter

SDW Sterile distilled water

SDS Sodium dodecyl sulfate

SOD Superoxide dismutase

TBA Thiobarbituric acid
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TDZ Thidiazuron

TE Transformation efficiency
VBg Pyridoxine HC1
Introduction

Phalaenopsis amabilis, a widely cultivated epiphytic
monopodial orchid, has been exploited commercially
as a cut flower and potted plant. The breeding of
P. amabilis for more favorable traits, such as low
temperature tolerance, new attractive colors, size and
form modification, and disease and pest resistance
using sexual hybridization has been limited due to the
long duration of each generation and the lack of
useful genetic variability. However, the establishment
of more potentially alternative gene delivery systems,
such as Agrobacterium-mediated transformation or
micro-projectile bombardment avenue, greatly facil-
itated efforts for improvement of the plant’s proper-
ties via genetic engineering (Estruch et al. 1997).
Several studies on successful Agrobacterium-medi-
ated transformation of Phalaenopsis have been
reported (Belarmino and Mii 2000; Chai et al.
2002; Chan et al. 2005; Mishiba et al. 2005; Semiarti
et al. 2007), among which an effective Agrobacte-
rium-mediated transformation system for P. amabilis
was carried out as well. However, very few reports on
valuable genes transferred into Phalaenopsis are
available. Su and Hsu (2003) isolated a cDNA clone
of a putative flavonoid-3',5'-hydroxylase gene from
Phalaenopsis. Transient transformation was achieved
through particle bombardment of Phalaenopsis pet-
als. Transgenic petals changed from pink to magenta,
indicating that the product of the putative flavonoid-
3/,5'-hydroxylase gene influences anthocyanin
pigment synthesis. To enhance the resistance of
Phalaenopsis to Cymbidium mosaic virus (CymMV)
and Erwinia carotovora, Chan et al. (2005) trans-
ferred CymMV coat protein cDNA (CP) and sweet
pepper ferredoxin-like protein cDNA (Pfip) to enable
the expression of disease-resistant traits.
Phalaenopsis amabilis is a type of tropical flower
with suitable growth temperature of above 18°C,
resulting in poor growth or high expenditure for
cultivation during the winter season. Therefore,
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breeding novel cultivars with cold resistance is
necessary to widen its planting region. Plant lipid
transfer proteins (LTPs) are a homogeneous class of
small (9-10 kDa), abundant, ubiquitous, and mostly
basic proteins. The proteins contain eight cysteine
residues with four conserved disulfide bridges that
exert different functions in defending itself against
abiotic stresses, including drought, high salinity, low
temperature, and wounding (Hughes et al. 1992; Choi
et al. 2008), as well as biotic stresses such as bacterial
and fungal pathogens (Kirubakaran et al. 2008).

In this study, we reported a method for genetic
transformation mediated by A. tumefaciens using
P. amabilis leaf-derived embryogenic calli as plant
material source. Adventitious stem buds proliferation
and callus formation conditions on induction medi-
ums containing cytokinin [6-benzylaminopurine
(6-BA) and thidiazuron (TDZ)], auxin (NAA), and
coconut water were examined. Transformation effi-
ciency was investigated under three factors, including
the size of calli, the concentration of A. tumefaciens
suspension culture, and the duration of transforma-
tion. In addition, the level of five potential contrib-
utors in transgenic plants in response to cold was
examined. The objectives of this study are: (1) to
establish an A. tumefaciens-mediated transformation
system of Phalaenopsis and transfer LTP gene into
Phalaenopsis, and (2) to improve cold tolerance by
introducing the LTP gene to widen the Phalaenopsis
planting region.

Materials and methods
Plasmid vector and bacterial strain

A cDNA LTP clone (Accession No. AK062463)
identified from Brazilian upland rice (Oryza sativa cv.
IAPAR 9) via subtractive suppression hybridization
(SSH) was amplified by polymerase chain reaction
(PCR) (Li 2004). The amplified fragments were
introduced into multiple cloning sites of the binary
vector. The cassette containing the entire coding
region of the LTP cDNA and pUbi promoter was
cloned in a pCAMBIA2300 binary vector to generate
CaMV35S::nptll-pUbi::LTP (Fig. 1). This construct
was introduced into the disarmed octopine type
A. tumefaciens strain LBA4404.
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Fig. 1 Schematic representation of T-DNA of pCAM2300
containing LTP and nptll plant expression cassettes. RB: right
border, LB: left border, 355: CaMV 35S promoter, pUbi: maize
promoter, nptll: neomycin phosphotransferase II, LTP: Oryza
sativa lipid transfer proteins. Arrows indicate direction of
transcription. The location of restriction site BamHI is also
indicated

Embryogenic callus formation in P. amabilis

Phalaenopsis amabilis “Queen Beer, No.1227” cul-
tured by Yangping Horticulture Co. Ltd. was used as
experimental material in this study. Adult P. amabilis
grown under 28/25°C (16/8 h, light/dark) white light
(50 pmol m2 s_l) was transferred to grow in a new
environment under 20/15°C (16/8 h, light/dark) white
light (50 pmol m™2 s™'). After 30-50 days, peduncle
buds formed from the bottom of the stem and were
then cut into 2 cm long pieces. These were soaked and
gently shaken for 20 s in 75% (v/v) ethyl alcohol,
surface-sterilized in 1% (v/v) NaOCI and 0.1% (v/v)
Tween 20 for 30 min, and then rinsed three times with
sterile distilled water (SDW). Finally, the peduncle
buds were transferred into the stem bud germination
medium (Table 1) and grown under 16/8 h (light/dark)
white light (50 pmol m—2 s~') at 25°C. A month
later, when the stem buds were approximately 1 cm in
length, they were transferred into the adventitious
stem bud proliferation medium (Table 1) for 2 months.
Young leaves growing from the top of adventitious
stem buds were diced into 0.6 cm? pieces. The leaf
pieces were then transferred into the callus induction
medium (Table 1) by placing the leaf dice upper
epidermis up, grown for 2 weeks in the dark and
then grown under 16/8 h (light/dark) white light
(50 pmol m 2 sfl) at 25°C. A month later, green,
compact 1-2 mm diameter embryogenic callus tissues
were used as plant explants for transformation. Each
treatment was repeated three times.

Transformation and regeneration of transformants
Overnight cultures of Agrobacterium grown in LB

medium supplemented with 50 mg 1™ kanamycin
(Shenggong Ltd., Shanghai, China) at 28°C were

harvested by centrifuging at 6000 rpm for 10 min and
suspended in a liquid inoculation medium (Table 1).
The 1-2 mm diameter embryogenic calli were then
immersed in the culture of 0.4 (ODgog) Agrobacterium
for 20 min. The calli were transferred onto sterile
filter paper to dry and then placed into the callus
induction medium without antibiotics. After 3 days,
the explants were washed with SDW containing
500 mg 17! cefotaxime (Shenggong Ltd., Shanghai,
China) and transferred into the transformant selection
medium (Table 1) containing 500 mg 1" cefotaxime
and 20 mg 1~' kanamycin, which inhibited the growth
of Agrobacterium, and cultured for 5 days in the dark.
Calli were then transferred onto a protocorm-like
body (PLB) induction medium (Table 1). Developing
protocorms were transferred into a new PLB induction
medium every 3 weeks for further selection of
transformants. PLB-regenerated putative transgenic
shoots were separated and transferred into the root
induction medium (Table 1). The rooted plantlets
were transplanted into dried water milfoil (Myrio-
phyllum spicatum) and grown in a glasshouse at 25°C.

Molecular characterization of transformants

Genomic DNAs were extracted from the leaf tissue
of putative CaMV35S::nptll-pUbi::LTP transformants
(Offringa and Lee 1995) and screened by PCR using
primers nptll (Shenggong Ltd., Shanghai, China),
which are specific for the nptll gene: 5'-ATCGGGA
GCGGCGATACCGAT-3"; 5-GAGGCTATTCGGC
TATGACTG-3', and primers LTP, which are specific
for the LTP gene: 5'-GTTTCTTAATTTCGATCGC
GAAGG-3;5-GGAGTATTATGGTTTAGTTTTAG
CAGG-3'. PCR was performed for 35 cycles of 95°C
for 1 min, 50°C for 30 s, and 72°C for 30 s. PCR
products were separated in 0.8% agarose gel, stained
with ethidium bromide, and visualized under UV-
transillumination. For Southern hybridization, about
2.5 pg DNA was fragmented with BamHI and electro-
phoretically separated on 1% agarose gel. The DNA
was transferred to positively charged nylon membranes
through capillary blot, while the genomic fragments
were detected using the DIG label and chemilumines-
cent detection system (CDP-Star) according to the
instructions of the manufacturer (Roche, Mannheim,
Germany). To prepare the hybridization probe, 250-bp
fragment of the LTP gene was labeled with the PCR
DIG probe synthesis kit (Roche). After hybridization
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Table 1 Optimal medium for embryogenic callus formation, transformation and regeneration of transformants

Medium Composition

Stem bud germination medium

Adventitious stem bud
proliferation medium

Callus induction medium

22 g 17" MS + 20 g 17" sucrose + 1 g 17" casein hydrolysate + 0.2 mg I™' NAA + 3 mg 17!
6-BA + 8 g 17! agar, pH 5.4

22 ¢ 17" MS + 20 g1 ' sucrose + 1 g 17! casein hydrolysate + 0.2 mg 17" NAA + 10 mg 1!
6-BA + 8 g 17! agar, pH 5.4

1.1 g 17" MS + 100 g 1! myoinositol + 0.5 mg 17" V5, + 0.6 mg 1™ Vg + 0.5 mg 1!

nicotinic acid + 1 g 17" casein hydrolysate, 1 mg 17" TDZ + 20% (v/v) coconut

water + 8 g 17! agar, pH 5.4
44 g1""MS + 20 mg 1I”' AS

Liquid inoculation medium

Transformant selection medium  Callus induction medium + 20 mg 17! Kan + 500 mg 17! Cef, pH 5.4

PLB induction medium

3 g 17! Huabao No.1 (RC00699A) + 20 g 1! sucrose + 2 g 1~! peptone + 60 g 17!

banana + 20 g 17! potato + 1 g 17" activated carbon + agar 8 g17' 4+ 20 mg 17!

Kan + 500 mg 1=" Cef, pH 5.4
3 g 17! Huabao No.1 4 16 g 17" sucrose + 2 g 1”! peptone + 100 g 1™! banana + 40 g 1™

Root induction medium

potato + 1 g 17" activated carbon + 30 mg 17" citric acid + agar 8 g 17! + 20 mg 1™

Kan + 500 mg 17! Cef, pH 5.4

at 40°C overnight, chemiluminescent signals were
detected using Lumi-film (Roche).

Cold stress treatment and recovery

For the phenotypic analysis in response to cold, 12-
month-old transgenic and control plants grown in the
25°C glasshouse were acclimatized in a 15/12°C
(16/8 h, day/light) growth chamber for 5 days, and
then transferred into a 10/7°C (16/8 h, day/light)
growth chamber for another 10 days. For SOD,
MDA, total soluble sugars, proline, and electrolyte
leakage assay in cold-treated and cold-recovered
P. amabilis, 12-month-old transgenic and control
plants grown in the 25°C glasshouse were acclima-
tized in a 20/17°C, 15/12°C, 10/7°C, and 5/2°C
(16/8 h, day/light) growth chamber for 3 days, and
then transferred in a 15/12°C and 25/22°C (16/8 h,
day/light) recovery chamber for 3 days, respectively.
Each sampling was conducted in triplicate.

Tissue sampling

Leaf tissue of transgenic and control cold-treated and
cold-recovered plants totalling 500 mg were excised
and ground in a mortar using a pestle with 1 ml ice-
cold 50 mM phosphoric acid buffer (pH 7.8). The
mixture was then transferred into a centrifuge tube.
The mortar was rinsed twice with the phosphoric acid
buffer, and the washing liquid also transferred into the
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centrifuge tube. The same buffer was further added
until the mixture reached a total of 10 ml. The
homogenate was centrifuged at 10,000 rpm for
15 min at 4°C. The supernatant was stored in a 4°C
fridge for SOD and MDA assay.

SOD, MDA, total soluble sugars, proline
and electrolyte leakage assay

SOD assay employing superoxide production from
xanthine oxidase and detection of a colored formazan
product formed from nitroblue tetrazolium (NBT)
was conducted as described previously (Beauchamp
and Fridovich 1971). The NBT reaction solution was
composed of 100 pl tissue homogenate (or 50 mM
phosphoric acid buffer as control), 1.5 ml 50 mM phos-
phoric acid buffer (pH 7.8), 300 pl 130 mM methi-
onine (MET), 300 pul 750 uM NBT, 300 pl 100 uM
ethylene diaminetetraacetic acid (EDTA), 300 pl
100 uM VB,, and 500 pl SDW. The reaction was
activated in a 30°C light incubator for 20 min and
stopped in the dark. Absorbance of the solution was
immediately measured at 560 nm.

The amount of lipid peroxide in plant tissues was
determined similar to that of MDA using the method of
Ohkawa et al. (1979) and Kurokawa et al. (2006) with
some modifications. The thiobarbituric acid (TBA)
solution was composed of 2.6 mM TBA, 918 mM
trichloroacetic acid, 0.3 mM HCI, and 1.8 mM 2,6-di-
tert-butyl-4-metylphenol in 22% ethanol. The reaction
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mixture contained 1.5 ml tissue homogenate, 1.5 ml
8.1% SDS, 2.5 ml 20% (v/v) acetic acid solution
(pH 3.5), and 2.5 ml 0.6% (v/v) aqueous solution of
TBA. The mixture was heated at 95°C for 15 min. After
cooling with tap water, 1.0 ml SDW and 5.0 ml
n-butanol were added and the mixture shaken vigor-
ously. After centrifugation at 10,000 rpm for 1 min at
4°C, absorbance of the organic layer (upper layer)
was measured at 450, 532, and 600 nm with 1,1,3,
3-tetraethoxypropane as a standard.

Lyophilized leaf material totaling 500 mg was
extracted with 70% (v/v) ethanol and the extracts
evaporated to dryness in a vacuum. They were then
placed in warm water and cleared with aluminium
hydroxide. Anthrone reagent was prepared by dissolving
200 mg anthrone in 100 ml H,SO,, which was created
by adding 500 ml concentrated acid to 200 ml water. The
reagent was allowed to stand for 30 min with occasional
shaking until it was perfectly clear. Next, 3 ml of the
fresh prepared anthrone reagent was pipetted into thick-
walled Pyrex tubes (150 x 25 mm) and chilled in ice
water. A total 250 pl of the alcoholic extract solution was
layered on the acid, cooled for a further 5 min, and then
thoroughly mixed while still immersed in ice water. The
tubes were loosely fitted with corks, heated as required in
a boiling water bath for 10 min, and then cooled in water
for 5 min. Measurements of the test solutions thiobarbi-
turic acid and reagent blanks were conducted using water
as reference. The relation between scale readings and
amounts of sugars was not strictly linear, and it was
necessary to use calibration curves for different sugars.
Absorption spectra were determined in a spectropho-
tometer at 620 nm.

Extraction of 500 mg lyophilized leaf material was
done using 5 ml 3% sulfosalicylic acid at 100°C for
15 min. Samples were shaken for approximately 1 h
at room temperature and then allowed to stand to cool
down. Afterwards, 2 ml of the upper layer of extracts
was analyzed for proline content using the acid
ninhydrin method. Briefly, 2 ml of the upper layer
aqueous extract was mixed with 2 ml glacial acetic
acid and 2 ml acid ninhydrin reagent (50 mg ninhy-
drin, 1.2 ml glacial acetic acid, and 0.8 ml 18 M
orthophosphoric acid) and heated at 100°C for
15 min. After cooling, the reaction mix was parti-
tioned against 5 ml toluene and the absorbance of the
organic phase was determined at 520 nm. Resulting
values were compared with a standard curve con-
structed using known amounts of proline.

Fresh leaves from transgenic and control cold-
treated and cold-recovered plants totalling 20 g were
collected, rinsed with deionized water three times,
and dried on filter paper. Electrolyte leakage (EL)
assay was carried out according to the method of
Xuan et al. (2009). Relative EL was calculated as
EL,/El, x 100. EL1 and EL2 values were measured
under cooled and boiled treatment, respectively.

Statistical analyses

Data were log-transformed to achieve normality and
subjected to analysis of variance (ANOVA) with
mean separation (P < 0.05) using Duncan’s New
Multiple Range test (DMRT), SAS® vers. 9.1.3 (SAS
Institute Inc. 2001).

Results
Conditions for embryogenic callus formation

The conditions for callus formation of P. amabilis
from flower peduncles were first analyzed. Flower
peduncles were cultured on a stem bud germination
medium (Table 1) and started to expand from its base
1 week later (Fig. 2a). Adventitious buds were
formed (Fig. 2b) after 2 months. The addition of
cytokinin and auxin to adventitious bud proliferation
and callus induction medium increased the number of
adventitious budding from stem buds and callus
formation from leaf dice. The highest number of
adventitious budding (11) from each stem bud was
observed with 15 mg 17! 6-BA treatment. However,
under this concentration, the adventitious stem buds
were too thin to grow reasonably sized new leaves for
inducing callus. Hence, 10 mg 17! 6-BA was used for
proliferating adventitious stem buds. The highest
number of callus formation (0.75) from each leaf dice
was observed with 1 mg 1”' TDZ and 20% (vlv)
coconut water. The number of callus formation from
each leaf dice could also be strongly increased by
placing the leaf dice upper epidermis up (14 calli per
dice) in the callus induction medium (Figs. 2c, d).

Efficiency of transformation

We used a medium containing 20 mg 1~' kan and
500 mg 17" cef, which appeared to be optimal (data
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Fig. 2 Calli inducement of
P. amabilis and
Agrobacterium-mediated
transformation. a Stem buds
induced from peduncle bud
dices after 1 month grown
on stem bud germination
medium. b Adventitious
stem buds induced after

2 month grown on stem bud
proliferation medium. ¢ The
0.6 cm? leaf dice (upper
epidermis up) transferred
onto callus induction
medium. d Green, compact
and 1-2 mm diameter
embryogenic calli induced
from the leaf dice after

1 month grown on callus
induction medium.

e Kanamycin-resistant
plantlets regenerated from
calli that were transformed
with the pCaMV35S:: nptll-
pUDbI::LTP vector

not shown) for the selection of transformants. To
determine the optimal conditions for A. tumefaciens
mediated leaf-derived embryogenic callus transfor-
mation, three sizes of calli (<1, 1-2, and >2 mm)
were cocultivated with three concentrations of
A. tumefaciens (ODggp: 02, 0.4, and 0.6) harboring
CaMV35S::npt Il -pUbi::LTP for 15, 20, and 25 min,
respectively. The higher average transformation effi-
ciency was achieved in 1-2 mm (9.39%) calli com-
pared with <1 mm (7.46%) and >2 mm (7.91%) calli.
In 1-2 mm calli, the higher average transformation
efficiency was achieved by that cocultivated with 0.4
(ODggp) A. tumefaciens (10.71%) compared with
the 0.2 (ODgoo) (8.59%) and 0.6 (ODgqg) (8.88%)
A. tumefaciens. The duration of cocultivation was also
a key to improving the transformation frequency when
optimal callus size and A. tfumefaciens concentration
were determined. Elongation of cocultivation duration
from 15 to 20 min boosted the transformation fre-
quency from 9.89 to 12.16%, but the frequency
declined with 25 min (10.07%) cocultivation. Resis-
tant calli were then subjected to the regeneration
process (Fig. 2e). The highest transformation effi-
ciency (12.16%) was obtained when 1-2 mm calli
were infected and cocultivated with 0.4 (ODggg)
A. tumefaciens for 20 min. All plantlets developed
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good root system in the selective rooting medium in
vitro and were transferred to pots in a greenhouse.

Molecular characterization of transformants

The presence of kan resistance gene in the genome of
all plantlets regenerated on plates containing kan
using PCR were examined first. The 0.7 kb fragment
was amplified in all the plantlets examined (data not
shown). The presence of the gene LTP was then
examined by PCR amplification of a 250 bp fragment
in the coding region of the LTP gene (Fig. 3). In total,
470 PCR-positive plantlets were obtained. These data
suggested that the CaMV35S::nptll-pUbi::LTP gene
was inserted into the genome of transformants.
Southern hybridization confirmed that T-DNA was
integrated and revealed that different copies of the
LTP gene were present in the independent transfor-
mants tested (Fig. 4).

Phenotypes in transgenic P. amabilis that express
the LTP gene

Among all CaMV35S:nptll-pUbi::LTP transgenic
plantlets, 89 well-grown plants were selected to
conduct the test of cold resistance (Fig. 5). During
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750bp

250bp

750bp
250bp

Fig. 3 PCR analysis of Kan a and the LTP b transgene in
putative transgenic P. amabilis plants. a PCR analysis of Kan
gene. b PCR analysis of LTP gene. Lane I plasmid CaMV35S::
nptll-pUbi::LTP. Lanes 3, 5, 6, 7, 8 Transgenic P. amabilis
plants. Lanes 2, 4 Untransformed plants. M DNA molecular
size marker

M
¥ P 6.5k
B

S« 2.3kb

Fig. 4 Southern hybridization analysis of the LTP transgene in
transgenic P. amabilis plants. Lanes 1-3 transformed plants.
Lane 4 non-transformed plant. Lane 5 plasmid as a positive
control. M MW marker

Fig. 5 Phenotypes in
transgenic P. amabilis
plants harbouring the
pUDbi::LTP gene.

a Untreated 12-month-old
transgenic transformants.
b Untreated 12-month-old
untransformed control
plants. ¢ Three
transformants (upper row)
and two control plants
(lower row) cold-treated in
15/12°C (16/8 h, day/light)
growth chamber for 5 days.
d Sequentially, three
transformants (upper row)
and two controls (lower
row) cold-treated in 10/7°C
(16/8 h, day/light) growth
chamber for another

10 days

the first phase of cold treatment at 15/12°C, the young
tender leaves of the control plants became droopy and
finally fell off (Fig. 5c). However, those of the
transgenic plants remained green, alive, and vivid.
During the second phase of harsher cold treatment at
10/7°C, the leaves of control plants fell off completely,
while those of transgenic plants remained strong and
rarely fell off (Fig. 5d).

In control plants, the SOD level increased about
three times while the temperature was descending
from 25 to 10°C. However, it then strongly decreased
while the temperature was descending from 10 to 5°C,
and continued to decrease during the recovery period
(Fig. 6a). In transgenic plants, the SOD level increased
about four times while the temperature was descend-
ing from 25 to 5°C, kept rising during the recovery
period until it reached 15°C, and then decreased to a
similar pre-treatment level (Fig. 6a). In control plants,
MDA levels were increased five times throughout the
cold treatment and recovery period (Fig. 6b). In
transgenic plants, however, MDA levels dropped to a
similar pre-treatment level during the recovery period
after an initial mild increase during the cold treatment
(Fig. 6b). In both control and transgenic plants, the
total soluble leaf sugar level increased about two times
while the temperature was descending from 25 to
15°C, and then strongly decreased while the temper-
ature was descending from 15 to 10°C (Fig. 6¢).
Afterwards, in control plants, the total soluble leaf
sugar level kept falling throughout the rest of the cold
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treatment and recovery period (Fig. 6¢). However, in
transgenic plants, the total soluble leaf sugar level kept
rising throughout the rest of the cold treatment and
recovery period until it reached 15°C, and then
decreased to a similar pre-treatment level (Fig. 6¢).
In both control and transgenic plants, proline level
increased about 2.5 and 4.5 times, respectively, while
the temperature was descending from 25 to 5°C, and
decreased throughout the recovery period (Fig. 6d). In
transgenic plants, proline level decreased to a similar
pre-treatment level after recovery (Fig. 6d). The
relative electrolyte leakage (EL) of control plants is
always increasing along with the temperature decreas-
ing from 25 to 5°C and then increasing to 25°C for
recovery. In comparison to control plants, under low
temperature treatment (from 25 to 5°C), the ELs of
LTP transgenic plants increased while the ELs
increased and resumed its pre-treated level at the
recovery stage (from 5 to 25°C) (Fig. 6e).

Discussion
Genetic transformation of plants through Agrobacte-
rium has been successfully applied to various plants

belonging to widely separated clades. Nevertheless, it
is still difficult to apply this method to certain
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horticultural plants that cannot easily be propagated
clonally. In this study, an Agrobacterium-mediated
transformation method using leaf-derived embryo-
genic callus of P. amabilis was reported. The protocol
described in this article is simple and reproducible.
Improvements over previously published methods
can be summarized as follows: (1) Compact embryo-
genic callus tissues were used for transformation.
This is a simpler approach than methods using
chopped and subcultured protocorms, or PLBs as
described elsewhere, because of its high transforma-
tion efficiency (Liau et al. 2003; Men et al. 2003;
Mishiba et al. 2005); (2) A kan resistance gene can be
used as a selective marker; and (3) The CaMV35S::
nptll-pUbi::LTP construct is useful as a visible
marker for selecting PLB-regenerated putative trans-
genic plants after transformation because it alters leaf
tolerance in response to cold (Fig. 5).

Transgenic pepper plants transformed with CAL-
TPI, a pepper LTP gene isolated from a pepper
(Capsicum annuum) cDNA library from hypersensitive
response (HR) lesions of leaves infected with patho-
gens, showed an induced expression of CALTPI in
low temperature (Jung et al. 2003). In a previous
report, five SiLTP1-SiLTP5 isoforms were isolated
and named from developing sesame seeds. Northern
blot analysis revealed these five SiLTP isoforms were
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most abundantly expressed in developing seeds and
leaves, but were also detected in flower tissues (Choi
et al. 2008). In addition, SiLTPs transcripts were
significantly induced in 6-day-old sesame seedlings in
response to low temperature (Choi et al. 2008). The
abundant LTPs in developing sesame seeds were
involved in lipid transfer into the extracellular matrix.
LTP functions in the transfer of wax or cutin mono-
mers, the stabilization of plasma membrane, and in the
defense response against pathogen attack and environ-
mental stress (Hughes et al. 1992; Pearce et al. 1996;
Choi et al. 2008). In the present study, transgenic
P. amabilis transformed with LTP, a cDNA clone
identified from Brazilian upland rice (Oryza sativa cv.
IAPAR 9), exhibited strong cold stress tolerance at
10/7°C with green, healthy, and vivid leaves (Fig. 5).

In this study, higher SOD activity and lower MDA
(an index of lipid peroxidation) activity corresponded
with higher protection from cold injury in transgenic
P. amabilis (Figs. 6a,b). SODs are metalloenzymes that
catalyze the dismutation of superoxide radical into
hydrogen peroxide (H,O,) and molecular oxygen (O,),
and consequently provide an important defense mech-
anism against superoxide radical toxicity. The potential
role of antioxidant enzymes in protecting plants
from cold injury is well established (Christie et al.
1994). With decreasing temperature, solubility of gas
increases, leading to a higher concentration of oxygen
and thus enhancing the risk of oxidative stress at low
temperature (Polle 1997). Plant injury caused by freeze
stress may be mediated by reactive oxygen species such
as superoxide radicals, singlet oxygen, hydrogen per-
oxide, and hydroxyl radicals (Wise and Naylor 1987).
Other than dehydration and mechanical injury, acti-
vated oxygen species participate in freezing stress,
causing lipid peroxidation and a collapse of antioxida-
tive systems in unhardened tissues (Sagisaka 1985;
Kurodu et al. 1992; Walker and Mckersie 1993).
Antioxidant systems can maintain a cellular homeosta-
sis that governs the level of stress tolerance in the plant
at low temperatures. In the present experiment, SOD
activities of the control plants fell abruptly at 10°C,
while those of transgenic plants continued to increase
until about 15°C (Fig. 6a). Thus, the increasing activity
of SOD illustrates the preferable cold resistance of the
plants. As to the MDA content in this experiment, there
were apparent differences between the transgenic LTP
and the control plants. For transgenic LTP plants, the
decrease in temperature caused the MDA content to

increase; it decreased during recovery stage and
returned to normal levels, while the control plants
remained at an increasing trend even during the
recovery stage (Fig. 6b). Proline protects the mem-
branes and proteins against the adverse effects of
temperature extremes (Santarius 1992; Santoro et al.
1992). It may also function as a protein-compatible
hydrotrope (Srinivas and Balasubramanian 1995) and as
a hydroxyl radical scavenger (Smirnoff and Cumbes
1989). Proline accumulated at a much higher level in the
leaves of transgenic P. amabilis exposed to low
temperatures compared with controls, although the
level of proline in the leaves of both P. amabilis
significantly increased with the decrease in temperature.
Transgenic and control plants exhibited a similar trend;
however, proline content of transgenic plants was
higher than that of the control plants and returned to
normal levels after recovery stage, in contrast with the
control plants (Fig. 6d). The extent of freezing stress
promoted enhancement of proline and MDA levels in
P. amabilis, which lead us to believe that freezing stress-
induced proline accumulation protects plants against
freezing stress-promoted peroxidative processes.

In this study, the much higher soluble sucrose
corresponded with better recovery from cold injury in
transgenic P. amabilis. Leaf sugar content of both
control and transgenic plants increased from 25 to
15°C, and then decreased from 15 to 10°C. After that,
the sugar content of the transgenic plants increased
and began to decrease at 10°C. However, the control
plants presented a trend of decrease and failed to return
to normal (Fig. 6¢). Glucose, fructose, and oligosac-
charides such as raffinose and stachyose are com-
monly found in soluble sugars that accumulate along
with the development of freezing tolerance in plants in
higher temperatures. It has been suggested that these
sugars not only serve as osmoprotectants but also play
a role in protecting cellular membranes from damage
caused by dehydration and freezing through interac-
tion with the lipid bilayer (Anchordoguy et al. 1987;
Shalaev and Steponkus 2001; Shao et al. 2006). It was
also proposed that the role of some oligosaccharides is
to prevent the crystallization of sucrose, thus facili-
tating glass formation within the cell and leading to the
protection of membrane phospholipids (Anchordoguy
et al.1988; Crowe et al. 1988). Generally speaking, the
accumulation of soluble sugars contributes to the
increase in the cryostability of cellular membranes.
Increased membrane cryostability is a prerequisite for
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freezing tolerance because freeze-induced destabili-
zation of cellular membranes is the primary cause of
injury in plants (Steponkus et al. 1993; Shao et al.
2008). An additional role of sugars during cold
acclimation is that they may function as nutrients that
allow plants to survive the lower temperatures and
dryland conditions as well as recover from freezing
stress (Eagles et al. 1993; Trunova 1982; Shao et al.
2008). Another important parameter to determine the
effectiveness of the plasma membrane amounts is the
relative electrolyte leakage, which reflects the degree
of damage to the delicate and sensitive membrane
(Campos et al. 2003). As shown in Fig. 6e, compared
to the control plants, adaptability to the cell perme-
ability of LTP transgenic plants was more controllable
and convertible under low temperature stress, which
reduced the possibility of causing damage to cells and
plants. After measuring the above-mentioned physio-
logical indexes in leaf samples via cold acclimation at
15, 10 and 5°C and its attendant recovery, the LTP
gene transferred plant notably conferred tolerance to
environmental stresses.
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