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Summary

I. Title

Molecular breeding of low temperature-resistant cucumber plants

II. Importance and objectives of the research

Cucumber is the most widely cultivated plants in greenhouse and the
recommended horticultural species for farmers by Korean government as a
possible cash crop. However, the growth of cucumber plants is greatly affected
by low temperature and hence any method to stabilize their production during
winter is absolutely necessary. At the moment the practical way of avoiding
growth limitation occurred by low temperature is grafting onto figleaf gourd.

Cucumber is known to have originated from sub-tropical country and
therefore, it is low temperature-sensitive species with little acclimation process.
Abscisic acid(ABA), a plant growth hormone, affects various process of plant
physiology. It is well known that ABA mediates the low temperature stress
responses of plants. However, low temperature signal perception and transduction
pathways in plants and the consequent induction of low temperature resistance
mechanism are not fully understood.

Up to now, many transformed plants are known but most of them are
herbicide-, disease- or insect-resistant plants. Reports on the transformed plants

on the low temperature-resistance are scarce. There may be a number of reasons
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but it is because many genes are involved in the acclimation process in plants.
Recently, the introduction of acyltransferase and fatty acid desaturase genes,
and of a trans-acting factor gene CBF! activating the transcriptional activities of
low temperature-inducible genes, was tested to find out the possibility of the
introduction of low temperature-resistant characteristics in transgenic plants. The
present research was carried out to breed low temperature-resistant cucumber

varieties through such molecular techniques.

III. Research content and scope

1. Research Part I : Cloning and characterization of the genes involved

in resistance to low temperature stress

1). A fatty acid desaturase(FA4D) gene and other abscisic acid-inducible genes
were transformed into tobacco plants in order to see whether low temperature
resistance is acquired and to use those genes for future molecular breeding.

2). H'-ATPase activity was tested, and a recombinant gene (the figleaf gourd
FAD gene promoter/the cucumber FAD cDNA) was constructed to see whether
those genes could be used as genetic sources for molecular breeding of low

temperature-resistant cucumber in the future.
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2. Research Part II : Molecular breeding of low temperature-resistant
cucumber plants and evaluation of the plant

physiological characteristics

1). By the establishment of tissue culture methods for the regeneration of
cucumber, low temperature-resistant fransgenic cucumber was aimed to be
produced by the transformation of resistance genes. However, it was soon
noticed that transformation in cucumber plants was not satisfactory. We were
allowed to breed low temperature resistant rice by Agricultural Research and
Development Promotion Center as long as it is within the original scope of the
research

2). Method for the evaluation of low temperature-resistant characteristics will
be established and applied to transformed cucumber plants to evaluate the

physiological characteristics.

IV, Research Results and Application

The expression of the w-3 fatty acid desaturase gene appears to be related
to various environmental stress responses. However, the function of the w-3
fatty acid desaturase gene regulation in response to environmental stress still
remains unclear. Here we demonstrate that compared with wild-type plants,
transgenic tobacco plants in which trienoic fatty acid content is reduced by
antisense expression of the Arabidopsis FAD7 gene, became significantly more

sensitive to dehydration stresses such as drought or high salt conditions, and also

- 12 -



became more susceptible to tobacco mosaic virus (TMV) infection. This study
shows a novel physiological characteristic of the w-3 fatty acid desaturase gene
expression in plants that so far has not been published in the literature. The
mechanism involved in the phenotypic expression by the antisense fad7 gene
expression is discussed as follows.

A wound-inducible Arabidopsis plastid -3 fatty acid desaturase (FAD7)
cDNA was obtained. Transgenic tobacco plants were produced by integration of
the antisense FAD7 DNA fragments under the control of a CaMV 35S promoter
into the tobacco genome. Two transgenic T; lines, AsFAD714 and 716, showed
strong expression of the antisense FAD7 and reduced amounts of linolenic acid
compared with control plants. The two T, lines were highly sensitive to
dehydration conditions, showing growth retardation on the MS medium in the
presence of 250mM NaCl and severe wilting under drought condition. The
expression of transcriptional factor gene ABF4 transducing ABA-dependent signal
in response to drought stress, was strongly induced in control plants but far less
in AsFAD716 line. This suggests that the inhibitory effect of the antisense fad7
gene expression on the ABF-mediated stress-responsive gene regulation may
reduce drought tolerance in the AsFAD716 line. However, no significant
difference in the ABA concentration was found between the control and the
AsFAD716 line under normal and drought conditions. Expression of the FAD7
gene was induced by TMV infection on tobacco (Nicotiana tabacum cv. Xanthi)
carrying the N resistance gene. Necrotic lesions caused by TMV infection
developed much earlier and were larger with brown halos in the transgenic
tobacco line AsFAD716 expressing antisense F4D7. The linolenic acid content

was reduced in the antisense FAD7 plants. Induction of lipoxygenase (LOX) and
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defensin (PDF1.2) gene transcripts by TMV infection were delayed in the
AsFAD716 line compared with wild type plants. Expression of the
wound-inducible mitogen-activated protein kinase (WIPK) gene was also retarded
at the mRNA and protein levels in the AsFAD716 line.

Cucumber is a chilling sensitive plant, and this plant stop growing when soil
temperature goes down blow 15 “C. This fact indicates that the function of
cucumber roots gets weakened at low temperature. In this study, we investigated
the H'-ATPase activity of cucumber and pumpkin root to interpret the root
function during chilling. In case of pumpkin roots, plasma membrane(PM)
H'-ATPase activity of chilled roots was higher than that of control roots. But
there was no significant difference in the H'-ATPase traﬁscript level of control
and chilled roots. Change of the H'-ATPase activity was recovered following
trypsin treatment and membrane reconstitution with Asolecin. While the enzyme
activity of the control roots increased the chilled roots did not increase even
after treatments. These results implicated that PM H'-ATPase of pumpkin root is
activated during chilling, and this activation is caused by conformational changes
of the enzyme or by the alteration of membrane lipid-environment, but not
caused by the increased gene expression. However, in case of cucumber,
H'-ATPase activity of the chilled roots decreased to lower level than control, as
a length of chilling extended. Enzyme activity of the chilled roots for 9 days
did not recovered to the level of control. ATPase transcript level of control and
chilled cucumber roots was almost same. Trypsin treatment and membrane
reconstitution caused activation of H'-ATPase of both control and chilled roots.
From these, we might explain the weakened function of cucumber root during

chilling with the lower activity of PM-H'-ATPase. In other words, it was likely
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that chilling treatment of cucumber roots for 9 days or longer damaged plasma
membrane irreversibly, and that damage resulted in the decreased APTase
activity. Maintenance of membrane fluidity is most important for plant to grow
during cold temperature. Therefore, it will be possible to induce the cold
resistant cucumber, by using a fatty acid desaturase(F4D) gene, which involves
in the maintenance of the PM fluidity during cold temperature.

The generation of transgenic cucumber plants expressing Arabidopsis cold
resistance related genes such as CBFI and FAD7 via Agrobacterium-mediated
method was underway. Even though several trials and errors were repeated by
using techniques reported so far, we still are in the middle of getting transgenic
cucumber. Finally, we had invited a japanese scientist Dr. Tabei who works for
NIAS (Japan) on June 2001 and learned his method for generating transgenic
cucumber. Following his suggestion, we are keep doing for generating transgenic
cucumber.

As an alternative way for achieving the goal of this research, we were
granted by the evaluation committee of ARPC to develop transgenic rice plants
expressing Arabidopsis FAD7 gene whether Arabidopsis cold resistance related
gene is also working in monocotyledonous plant rice. Followings are results and
achievements by getting the transgenic rice plants. We utilized an Arabidopsis
FAD7 gene and made it to overexpress in rice by way of generating stable
transgenic rice. The seven independent transgenic rice plants harboring 1 to 3
copies were generated. The expression level of FAD7 mRNA was different
among independent transgenic lines without regard to copy number. All
transgenic plants had shown that the relative contents of trienoic fatty acid

(18:3) were less in transgenic plants than that of wild type plant. This data
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might proposed that the introduction of Arabidopsis FAD7 into rice genome
caused to cosuppress the endogenous rice FAD expression. The unwounded
transgenic rice plants had shown that jasmonate levels were 2 to 4 fold higher
than wild type. After wounding, the jasmonate level were higher in some of
transgenic lines than in wild-type plant even though there were some transgenic
lines showing lower level of jasmonate than that of wild-type plant. The
transgenic lines overproducing jasmonate also showed that much more induction
of PR1b mRNA jasmonate responsive genes, was observed in response to
wounding irrespective of allene oxide synthase induction. Also these transgenic
plants seem to be resistant to blast fungus infection. Even though the transgenic
plants had less amount of trienoic fatty acid, their relative degrees of cold
resistance were not altered when judged by MDA production upon cold
treatment. However, the production of T: seeds was decreased up to 15 - 25 in
transgenic rice when compared with null segregants.

The present study aimed to find out the ways of detecting the sensitive or
resistant anatomical, physiological and biochemical aspects to low temperature
stress. It was intended to offer easy and fast way of detecting the effect of low
temperature  stresses. All the possible gemmplasms collected by Rural
Development Administration and Korean seed companies were tested to see any
differences in low temperature stress. In addition, figleaf gourd that is used as
rootstock for cucumber was also used to see the effect of low root temperature
on the plant performance compared to cucumber plant.

As expected, winter-type cucumber varieties showed low temperature-resistant
characters when determined by ion leakage after low temperature treatment.

However, inconsistent results were frequently obtained, depending on what
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parameters were measured, For example, when the effect of activated oxygen
species were measured by placing plants in strong light after low temperature
treatment, summer-type cucumber variety-Samchuk-showed a rather resistance.
However, xylem sap transport measured with sap flow meter clearly
distinguished the varieties in terms of sensitiveness to the low temperature.
Photosynthesis was again not the guide for the detecting the response.
Lipoxygenase activity, an enzyme that mediates the metabolism of lipid in the
membrane, was very sensitive to low temperature. The enzyme activity was
regarded as marker enzyme representing the low temperature effect on the plant.
By measuring the size of protoplasts isolated from cucumber and figleaf gourd
plants, it was concluded that the root system may have some ability to acclimate

to low temperature stress.
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GAATTCCGTTGCTGTCGGAGAGAGCAGAAGCAARGTAGAAARCACAAGTTTCTCTCACAC 60
ACATTATCTCTTTCTCTATTACCACCACTCATTCATAACAGAAACCCACCAAAAAATAAA 120
MGAGAGACMTPCACWPGGGGAGRGAGCECAAGTTGPMNGCGMM’(‘},@PCHASN 180
M ANL L
AGAATGTGGTATACGACCTCTCCCCAGAATCTACACAACACCCAGATCCAATTTCCTCTC 240
ECGIRPLPRTIVYTTPRSNTFILS
CAACAACAACAAATTCAGACCATCACTTTCTTCTTCTTCTTACAAARCATCATCATCTCC 300
NNNEKFRPSLSSSSYRKTSS S SP
TCTGTCTTTTGGTCTGAATTCACGAGATGGGTTCACGAGGAATTGGGCHTTGAATGTGAG 360
LSFGLNSRDGFTRUNWAMLIEKVYS
CACACCATTAACGACACCAATATTTGAGGAGTCTCCATPGGAGGAAGATAATAARCAGAG 420
TPLTTPIFEETSPLEEDUNZEKG QR
MTCGMCCAGGNCGCCTCCNCGTTCAATHAGCNATMTAGAGCAGUPATACCTAA 480
FDPGAPPPFNLADTIRAATIP
GCAWGTPGGGWMGMTCCATGGMMAGWAM'C@TCAGAGAOGTCGCTAT 540
ECWVENPWESLSYVV D A
CGTCMGCATIGGCMGGAGMTACCNMCMTPGGMWHGGCCTCTCPA 600
VFALAAGARAYLUNNWIVWPILY
TTGGCTCGCTCAAGGARCCATGTTTTGGGCTCTCTTTGTTCTIGGTCATGACTGTGGACA 660
WLAQGTUXTFUWALFVLGHDC®GH
TGGTAGTTTCTCAAATGATCCGAAGTTGAACAGTGTGGTCGGTCATCTTCTTICATTCCTC 720
G SFSNDPEKELNSVVGHLTLHSS
AATTCTGGTCCCATACCATGGCTGGAGAATTAGTCACAGAACTCACCACCAGARCCATGG 780
I LVPYHGWRIGSHRTHHGQNHGEG
ACATGTTGAGAATGACGARTCTTGGCATCCTATGTCTGAGAAAATCTACAATACTTTGGA 840
HVENDESWHPNSEZERKTIYNTILD
CAAGCCGACTAGATTCTTTAGATTTACACTGCCTCTCGTGATGCTTGCATACCCTTTICTA 900
KPTRFFRPFTILPLVMLAYPTFY
CTT(?I‘GGGCTCGAAGTCCGGGGAMGGMCATPACCMCCAGACAG‘PGAGM‘G‘H 960
L ¥WARSPGEKRKGSHEYHPDSDL
CCTCCCTMAGAGAGAAAGGATGTCCTCACTTCPACTGGPPG’PPGGAUPGCMTGGCMC 1020
L PRKERIEKID L TS TACWTAM
TCTGCTPGTTPGTGPCAACTICACMT(I}GTCCMNCMATGCTCAMCTHANGMT 1080
LLVCLNFTIGPTIAQMWMLERELY®GTI
TCCTTACTGGATAAATGTAATGTGETTGGACTTTGTGACTTACCTGCATCACCATGGTCA 1140
PYWINVHWLDFVTYLHHHGH
TGAAGATAAGCTTCCTTGGTACCGTGGCAAGGAGTGGAGTTACCTGAGRGGAGGACTTAC 1200
EDRLPWYRGEKEUWSYLRGGILT
ARCATTGGATCGTGACTACGGATTGATCAATAACATCCATCATGATATTGGAACTCATGT 1260
TLDRDYGLINDNTIHHDTIGTHYV
GATACATCATCTTTTCCCGCAGATCCCACATTATCATCTAGTAGAAGCAACAGARGCAGC 1320
I BHELFPQIPHYHRLVEATEAR A
TAAACCAGTATTAGGGAAGTATTACAGGGAGCCTGATAAGTCTGGACCGTTGCCATTACA 1380
K PVLGKYYREPDEKSGPLPLH :
TTTACTGGAAATTCTAGCGARARGTATAAAAGRAGATCATTACGTGAGCGACGAAGGAGA 1440
LLEILAMRKSTIEKEDHTYVSDESTGE
AGTTGTATACTATAAAGCAGATCCAAATCTCTATGGAGAGGTCAAAGTAAGAGCAGATTG 1500
VVYYEKADPUNLYGETVEKVRAD~*
ARATGAAGCAGGCTTGAGATTGAAGTTTTTTCTATTTCAGACCAGCTGATTTTTTGCTTA 1560
CTTGATCAATTTATTGTGTCACCCACCAGAGAGTTAGTATCTCTGAATACGATCGATCAG 1620
ATGGAACAACAAATTTGTTTGCGATACTGAAGCTATATATACCATACATTGCATT

Fig. 1. Nucleotide sequence of the A4rabidopsis chloroplast w-3 fatty acid
desaturase(FAD7) ¢DNA and the derived amino acid sequence.
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o] o]Fojx A gkt T 28 HE potoll X AY FHAGAE AFLFT
S FA &30 YAKAIZIRA #EAST A, xR dE) FEAEA L
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i

el E2AE redE AlAEe Feolthk $H, FAAZA Y TMVE HF
stAE Adx), dz2Eee APAQ] HRYHS-o] Yy ¢ e 9HE
o] F¥sAoY FAAFEMAME Vel HHES AV FdES B
E WER FU8lY FAD7 f3Ae] @de] A& nlolEi A=
S A3k ol#lg T™MVel tigr A 3Ado] jasmonic acid JA)9}L A
#ol JeAE £AE7] f8te] Lypoxygenase R PDF 1.2 /AL HAME
Ag 24T A9 F /A 25 AR HEcA o @ddo] FasAxn
HE e AR =g AdE JAS A AEHE HA[H B olyE
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Aok B Ao o8] A& FAXAT hil= ABA o FF2EG 2] A
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2. Antisense expression of an Arabidopsis FAD gene reduces salt/drought

tolerance in transgenic tobacco plants

1) Abstract

A wound-inducible Arabidopsis plastid -3 fatty acid desaturase (FAD7)
c¢cDNA was obtained. Transgenic tobacco plants were produced by integration of
the antisense jfad7 DNA fragments under the control of a CaMV 35S promoter
into the genome. Two transgenic T, lines, AsFAD714 and 716, showed strong
expression of the antisense fad7 and reduced amounts of linolenic acid compared
with control plants. The two T; lines were highly sensitive to dehydration
conditions, showing growth retardation on the MS medium in the presence of
250mM NaCl and severe wilting under drought condition. The expression of
transcriptional factor gene abf4 transducing ABA-dependent signal in response to
drought stress, was strongly induced in control plants but far less in AsFAD716
line. This suggests that the inhibitory effect of the antisense jfad7 gene
expression on the ABF-mediated stress-responsive gene regulation may reduce
drought tolerance in the AsFAD716 line. However, no significant difference in
the ABA concentration was found between the control and the AsFAD716 line

under normal and drought conditions.
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2) Introduction

The plastid membrane in higher plants contains a high concentration of
trienoic fatty acids that are converted from dienoic fatty acids by -3 fatty acid
desaturases. The @-3 fatty acid desaturases have been characterized by the
isolation of a series of Arabidopsis mutants with altered membrane lipid
unsaturation (Browse and Somerville, 1991; Ohlrogge and Browse, 1995).
Among them, the fad7 mutant contained reduced levels of linolenic (18:3) and
hexadecatrienoic acids (16:3) in the plastid membrane lipids (Browse et al,
1986). This mutation displayed no apparent effect on the growth and
development of the plants, but led to a reduction in the average size and a
corresponding increase in the number of chloroplasts in leaves grown at elevated
temperatures (McCourt et al.,, 1987). The Arabidopsis fad7 gene, which encodes
the plastid -3 fatty acid desaturase, complemented alterations in fatty acid
desaturation and the chloroplast copy number of the fad7 mutant (Iba et al,
1993). In Arabidopsis, three loci for the w-3 fatty acid desaturases, microsomal
fad3, plastidal fad7 and fad8, are responsible for the production of trienoic fatty
acids (McConn and Browse, 1996).

Plants grown at low temperature tend to contain a higher proportion of
trienoic fatty acids. An increase in the level of trienoic fatty acids is observed
during cold acclimation in the membrane lipids of plants so that one of the
physiological roles of high trienoic fatty acid content is considered to be an
adaptation to low temperature (Sommerville and Browse, 1991). The w-3 fatty
acid desaturase genes were isolated from various plant species and used to

modify the trienoic fatty acid content in the membrane lipids in transgenic
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plants. Attempts to find a causal relationship between an increase in the 18:3
content by overexpression of the -3 fatty acid desaturase genes and cold
tolerance have been made (Hamada et al.,, 1998; Kodama et al., 1994). However,
there were no discernible differences between the transgenic plants in which
Arabidopsis microsomal fad3 gene is overexpressed and the control plants in
terms of the ability to tolerate chilling temperature at 1°C and 5°C (Hamada et
al., 1998). An elevated trienoic fatty acid level, as a result of overexpression of
the Arabidopsis plastidial fad7 gene, displayed only a minor protective effect
against chilling-induced damage in transgenic tobacco plants (Kodama et al,
1998). When the genes encoding plastid -3 fatty acid desaturase were silenced,
on the other hand, the transgenic plants contained a lower level of trienoic acids
than wild-type plants and were better able to acclimate to higher temperatures
(Murakami et al., 2000),

Other roles of trienoic fatty acids in the survival of plants under stress
conditions, especially the role of linolenic acid, have been discussed in the
literature. For example, linolenic acid is converted to jasmonic acid (JA) by the
octadecanoid pathway (Vick and Zimmer, 1984). Accumulation of JA in response
to wounding-induced defensive gene expressions is presumed essential in plant
defences against insects and pathogen attacks (Martin et al., 1999; McConn and
Browse, 1996; Nishiuchi et al., 1997, Vijayan et al., 1998). There have also
been reports on the @-3 fatty acid desaturase gene expression in response to
either dehydration or another stress-related phytohormone, abscisic acid. High salt
conditions induced the plastidal fad7 and jfad8 gene expressions in roots of
maize (Berberich, 1998). The transcript level of the rapeseed microsomal w-3

fatty acid desaturase gene has been induced by abscisic acid application to
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microspore-derived embryos (Zou et al, 1995). Hence, the expression of the
w-3 fatty acid desaturase gene appears to be related to various environmental
stress responses. However, the function of the @-3 fatty acid desaturase gene
regulation in response to environmental stress still remains unclear. Here we
demonstrate that compared with wild-type plants, transgenic tobacco plants in
which trienoic fatty acid content is reduced by antisense expression of the
Arabidopsis  fad7 gene, became significantly more sensitive to dehydration
stresses such as drought or high salt conditions. This study shows a novel
physiological characteristic of the @-3 fatty acid desaturase gene expression in
plants that so far has not been published in the literature. The mechanism
involved in the phenotypic expression by the antisense fad7 gene expression is

also discussed.

3) Materials and Methods

Plasmid construction: A wound-inducible plastid @ -3 fatty acid desaturase (fad7)
c¢cDNA was obtained by differential screening of an Arabidopsis cDNA library in
our laboratory. The antisense fad7 DNA (AsFAD7) was synthesized by
polymerase chain reaction using two synthetic primers, left 5 GGGGTACC
CCACATCATCATCTCCTCTGT 3’ (Kpnl restriction site underlined) and right 5’
CGCGGATCCGCGTTCTCAGACATAGGATGC 3° (BamHI restriction  site
underlined) and using the Arabidopsis fad7 cDNA as a template. The PCR
amplified product was digested with BamHI and Kpnl to produce a 537 base pair
fragment. The fragment was subcloned into pBluescript SK (-), digested with

BamHI and Sacl, and the AsFAD7 was cloned into the predigested binary vector
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pBI 121 to substitute the GUS gene. The resulting plasmid contained the AsFAD7
from nucleotides 258 to 793 (see the Arabidopsis fad7 gene sequence, GenBank

accession no. D26019) in an antisense orientation relative to the promoter

sequence.

Plant transformation: Tobacco plant (Nicotiana tabacum cv. Xanthi) was
transformed by the leaf-disc method (Horsch et al., 1985) using Agrobacterium
tumefaciens LBA 4404 containing the recombinant plasmid. Individual
kanamycin-resistant regenerated shoots were selected, rooted in MS medium
without growth regulators (Murashige and Skoog, 1962) and then transferred to
soil. T; seeds resulting from self-pollination were aseptically germinated in
continuous light (2,000 lux) at 26°C on MS medium supplemented with 200
g/ml kanamycin. The kanamycin-resistant T; seedlings were subjected to further
analysis.

Fatty acid analysis: One-week-old tobacco seedlings were ground into a
powder under liquid nitrogen and the total lipids were extracted according to
the method of Ryypps et al. (1994). About 100 mg of powder was mixed
with 5 ml isopropanol. Then, 5 ml of methanol, 20 ml of chloroform and
45 w1 of BHT (5 mg/ml chloroform) were added and the suspension was
shaken for 90 min at 4°C. After water-soluble contaminants were removed by
Folch wash, the total lipids were fractionated into neutral lipids and
phospholipids by silica gel chromatography. The phospholipids were converted
to methyl esters of fatty acids by adding 2 ml of methanolic NaOH (0.6 M
NaOH in methanol) and neutralized with 2 ml of 0.6 M HCl. The methyl
esters of fatty acids were extracted twice with 3 ml of hexane and separated

on a gas chromatograph (GC-17B, Shimadzu) equipped with a Rtx-1 column
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(Resteck) and a flame ionization detector (Shimadzu). The GC was
programmed to equilibrate the column at 145°C for 2 min, raise the column
temperature from 145 to 160C at a speed of 5T /min, remain at 160C for
1 min and raise the temperature from 160 to 170C at a speed of 2 C/min,
and then remain at 170°C for 90 min. The injector and detector temperatures
were 225°C and 275TC, respectively. Electrolyte leakage (EL) analysis: EL
test was performed according to the procedures of Hamada et al. (1998). The
third leaves from the apex were excised from 4-week-old tobacco plants
grown in soil under continuous light (3,000 lux) at 26 C. Each detached leaf
was cut in half and the halves were placed in a test tube. Deionized water
(100 g1) was added to each test tube and leaf segments were fixed closely
to the surface of the test tubes. Samples were cooled to -0.5C for 30 min
and then ice formation was achieved by introducing a small piece of ice into
the test tubes. After a 40 min equilibration period at -0.5C, the bath
temperature was reduced by 0.5C decrements every 30 min, The samples
were withdrawn from the bath at specified temperatures and placed on ice.
Samples were thawed overnight on ice and then incubated with 5 ml of
deionized water at 25°C for 1 h. The EL from the frozen samples was
measured by using a conductivity meter and the percentages of EL from
frozen leaves at the specified temperatures were calculated by the equation of
Hamada et al. (1998).

Plant growth and stress tolerance analysis: Wild-type and transgenic seeds were
germinated on Murashige and Skoog (MS) agar plates with or without 200 mg/L
kanamycin. The kanamycin-resistant T; seedlings and the wild-type seedlings were

grown on MS agar plates at 25C under continuous illumination by white
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fluorescent lamps at an intensity of 2,000 lux and then transplanted to soil. For
cold treatment, the 2-month-old plants were exposed to 0C for 2 days in a growth
chamber under continuous light (2,000 lux). For salt treatment, 10-day-old
seedlings were transferred to MS agar plates, containing 50, 100, 150, 200, 250
and 300 mM NaCl and then grown for 2 weeks at 25C. For drought treatment,
water was withheld for 1 week from 3-month-old plants grown in soil in a
greenhouse. In some cases, fully expanded leaves of the 3-month-old plants grown
in the growth chamber (25C) were detached and placed on petri dishes. The
petioles were then wrapped with wet or dry cotton for approximately 3 hrs at
25C. After drought treatment, physiological parameters such as leaf temperature
and stomatal resistance were measured. Leaf temperature was measured using an
infra-red thermometer (Model 510, Everest Interscience, USA) with a 15 field of
view. Stomatal resistance and transpiration were measured with a steady state
porometer (LI-1600, LI-COR, USA) clamped onto the leaves until a steady state
was obtained.

RNA blot analysis: The leaf tissues were ground to a fine powder under
liquid nitrogen using motar and pestle, The total cellular RNA was then
extracted by standard procedure (Sambrook et al., 1989). Ten micrograms of
total RNA were separated on a 1.2 % formaldehyde/ agarose gel and
transferred onto a nylon membrane. Prehybridization was performed in 3X
standard saline citrate, 0.5 % (w/v) SDS, 0.5 % (w/v) skim milk powder,
1. mM EDTA, 100 g/ml of salmon sperm DNA and 1 g/ml of polyadenylic
acid for 2 hrs at 68 C. Hybridization was performed for 20 hrs at 68 in a
prehybridization solution supplemented with 10 % dextran sulfate and the

strand-specific RNA probe. To prepare the specific RNA probe for the
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Northern hybridization study, the Arabidopsis fad7 c¢cDNA in pBluescript SK(-)
was transcribed in vitro wusing T7 RNA polymerase following the
manufacturer’s instruction (Stratagene).

Determination of abscisic acid content: The 1.0 g of leaf tissues were
frozen and ground under liquid nitrogen. The resulting powder was suspended
in a solution of acetone and 50 mM citric acid (70:30, v/v). The organic
solvent was allowed to evaporate overnight at room temperature. The resulting
aqueous solutions were extracted with 3 X 7 ml of diethyl ether. The pooled
extracts were then loaded onto solid-phase extraction cartridge (Waters, USA)
containing 360 mg of the sorbent aminopropyl. After loading, the cartridges
were washed with 10 ml of a solvent mixture of trichloromethane
2-propanol (2:1, v/v). Bound ABA was eluted with 10 ml of diethyl ether:
acetic acid (98:2, v/v). After evaporation of the solvents, ABA was resolved
in a solution of 50mM sodium phosphate (pH 6.4) and 0.25 % tween 20.
ABA content was then determined using Phytodeteck ABA Kit (Competitive

ELISA, AGDIA Co., USA).

4) Results

Transgenic tobacco plants expressing the antisense Arabidopsis fad7 gene: A
537 bp antisense fad7 DNA fragment was amplified from an Arabidopsis plastid
w-3 fatty acid desaturase ¢cDNA in the N-terminal coding region by PCR. The
sequence shows approximately 84 % homology with the N-terminal coding
region of the tobacco fad7 mRNA (Hamada et al., 1998). The gene construct

driven by the cauliflower mosaic virus 35S promoter was introduced into
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tobacco plants and transgenic To plants expressing the selectable marker gene
(NPTII) were regenerated. Several different T, families, obtained from the
kanamycin-resistant To plants, were examined for inheritable genetic transmission
of the T-DNA. The T-DNA inheritance was scored by screening T, seeds on
media containing 200 zg/ml kanamycin. Five lines out of the T, plants were
segregated into 3:1 and designated as AsFAD75, 79, 713, 714 and 716.
Integration of a T-DNA in the genome of the transgenic plants was confirmed
by PCR for NPT II gene detection and by a genomic Southern blot analysis
(data not shown). The expression levels of the antisense fad7 gene in the
leaves of T plants were also analyzed by Northern blot analysis. As shown in
Fig. 1, the antisense gene expressions were variable among T, lines. Strong
transcriptional activities of the antisense gene were observed in the AsFAD714
and 716 plants. Compared with the two T, lines, the AsFAD79 and 75 lines
showed less transcriptional activities. Wild type plant (designated as WT), the

empty vector line (designated as EV, a line of the tobacco plant transformed
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Fig. 1. Messenger RNA levels of five transgenic tobacco (T))
lines compared with the untransformed wild type (WT)
and empty vector (EV) lines. The blot was probed with
the strand-specific RNA. The RNA probe was
transcribed from the Arabidopsis fad7 ¢DNA in
pBluescript SK(-) using the T7 RNA polymerase.
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with the empty vector pBIl21 from which the GUS gene is eliminated), and the
AsFAD713 did not show any transcriptional activities.

Fatty acid composition in leaves of the T; lines: The effects of antisense fad7
gene expression on lipid composition in the seedlings of the T; lines were
measured (Table 1). The trienoic fatty acid content of tobacco leaves is generally
higher than 40% (Polashock et al., 1992). However, our result indicated that the
fatty acids present in tobacco young seedlings were less than 40%. As expected
from the results of Northern blot analysis, the EV and the AsSFAD713 line
showed no significant changes in fatty acid composition. In contrast, the
antisense fad7 gene expression fesulted in a significantly reduced accumulation of
trienoic fatty acid in the AsFAD714 and 716 lines. The two T lines showed
similar responses to various environmental stresses in the preliminary experiment

and therefore only AsFAD716 line was used for further study.

Table 1. Fatty acid composition in the tobacco seedlings from control and transgenic
AsSFAD7 plants grown at 25C. The kanamycin-resistant T, seedlings grown on
MS medium were transferred to soil and cultured at 25°C with 16 h light/8 h
dark cycles. EV, a line of the tobacco transformed with the empty vector (pBI

121 from which the GUS gene is eliminated).

Fatty Acid EV AsFAD713 AsFAD 714 AsFAD 716
16:0 333105 342405 36.1%1.1 354106
16:1 02+0.2 -b 0.7+0.5 -

18:0 8.7+0.3 83402 12.0+1.3 8.810.4
18:1 1.120.3 1.4+08 0.9+0.2 13£0.5
18:2 26.410.5 25.340.4 30.5+0.5 31.1%0.1
18:3 30.340.1 30.8+0.5 19.8+0.2 23.4%0.3

“The values are mol  SD(n=5). ®-, Not detected
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Responses of the ASFAD716 line to low temperature: Transgenic tobacco
plants that contained an elevated level of trienoic fatty acids were produced
by overexpression of an Arabidopsis plastidal fatty acid desaturase (fad7) gene
(Kodama et al., 1994). The transgenic tobacco seedlings showed a minor
protective effect against chilling-induced damage (Kodama et al, 1994;
Kodama et al.,, 1995). We have investigated, in the present study, whether
the cold tolerance would be reduced in the transgenic tobacco AsFAD716 line.
However, no difference was observed in the levels of cold damage between
the transgenic and the control plants grown in a growth chamber at 0C. It
was determined that the extent of chilling-induced damage may not have
appeared readily at the whole plant level, and therefore electrolyte leakage
from leaf tissues of the AsFAD716 line was measured. The percentages of
electrolyte leakage from low temperature-treated leaf tissues at specified
temperatures are shown in Fig. 2. In the EV line, electrolyte leakage from the
leaf tissues increased substantially as the incubation temperature decreased
from -1°C to -3°C, and the temperature at which 50 % electrolyte leakage
occurred was approximately 2.4C. In the transgenic AsFAD716 line, however,
the electrolyte leakage increased considerably from -1°C, and the temperature
at which 50 % electrolyte leakage occurred was about -1.8 C. These results
suggest that a decrease in 18:3 content in the membrane lipids by antisense
expression of the fad7 gene reduced cold tolerance in the vegetative tissues of
the AsFAD716 line, although the degree of reduction was low. This result

coincides well with the results of Kodama et al. (1994).
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Fig. 2. Electrolyte leakages (EL) of the leaves of the AsFAD716 (4) and
EV (@) plants. The third leaves were excised from 4-weck-old
tobacco plants grown in soil under 16h light/8h dark cycle (2,000
lux) at 26°C. Each detached leaf was cut in half and the halves
were placed in test tubes. Deionized water (100 z£) was added to
each test tube and leaf segments were fixed closely to the surface
of the test tubes. EL. was measured by the method of Hamada et

al.® Vertical lines indicate SD (n = 4).

Responses of the AsFAD716 line to high salt and drought: The AsFAD716 line,
on the other hand, was significantly more sensitive to dehydration stresses, such as
drought and high salt conditions, than to low temperature stress (Fig. 3). The
AsFAD716 line did not grow well on the MS medium containing 250 mM NacCl,
while the growth of the EV was only slightly inhibited on the same medium.
Compared with WT plants, the leaves of the AsFAD716 line were severcly wilted
under drought condition. Under drought condition, the transpiration rate of the
AsFAD716 line decreased down to about one fourth the level of that of the EV
line (Table 2). Leaf temperature of the AsFAD716 line under drought condition
was also higher than that of the controi plants (Table 2). These results indicate that

antisense expression of the fad7 gene may well make the AsFAD716 line more
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sensitive to dehydration condition.

Gene expressions in the control and AsFAD716 line under drought condition:
Drought and high salinity cause plants to produce high levels of ABA, and the
exogenous application of ABA also induces a number of genes that respond to

dechydration stress, suggesting that ABA may play an important role in adaptive

A B

Caontrol line ASFAD716 line

No Salt ‘\

250 mM
NaCl

Control -  AsFAD716

Fig. 3. High salt (A) and drought (B) sensitivity of the transgenic tobacco line
AsFAD716 under stress condition. For salt-stress treatment, 10-day-old
seedlings were transferred to MS agar plates containing 250 mM NaCl
and then incubated for 2 weeks at 25C. For drought-stress treatment,

the 3-month-old plants were grown without water for 1 week.

Table 2. Transpiration rate and leaf temperature in control and transgenic tobacco plants
under drought condition. Transpiration and leaf temperature were measured with a

porometer and infra-red thermometer, respectively.

Watered Drought
EV EV AsFAD716
Transpiration (ug/cn’/s) 405 + 2.4 1.1 * 3.5 25 + 0.2

Leaf temperature (C) 308 = 0.8 347 £ 1.2 40.2 304
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responses involving dehydration-induced gene expression (Bray, 1997; Thomashow,
1999). Several reports have described genes that are induced by dehydration but
that do not respond to exogenous ABA treatment, and therefore it has been
suggested that separate ABA-independent and ABA-dependent signal transduction
cascades exist (Bray, 1997, Thomashow, 1999). Recently, a transcription system
that controls ABA-independent gene expression in response to dehydration has
been identified (Shinozaki and Yamaguchi-Shinozaki, 2000). This system includes
the DRE/CRT (dehydration-responsive element/C-repeat) cis-acting element and its
DNA-binding protein, DREB/CBF (DRE-binding protein/C-repeat binding factor).
DREB/CBF controls the expression of various genes involved in stress tolerance
and contains two subclasses. DREBI/CBF (Jaglo-Ottosen et al., 1998; Liu et al.,
1998) and DREB2 (Liu et al, 1998) are induced by cold and dehydration,
respectively. However, a Northern blot analysis showed only a basal level of
expression signal of the dreb2A4 gene both in the control and AsFAD716 line under
drought condition (data not shown).

Many ABA-responsive genes contain potential ABA-responsive elements (G/ or
C/ABREs) in their promoter region (Busk and Pages, 1998). Recently, a family of
ABRE binding factor (ABFs) genes were isolated from young Arabidopsis plants
under stress condition, and among them, abf4 gene expression appears to be
induced specifically by drought stress (Choi et al., 2000). Another kind of ABRE
that do not belong to G/ or C/ABREs has also been characterized.
Yamaguchi-Shinozaki and Shinozaki (1993) have shown that the expression of the
rd22 gene is induced by the application of exogenous ABA in Arabidopsis. Since
the promoter region of the rd22 does not contain a typical ABRE consensus

sequence, it was suggested that the gene would be regulated by other than the

- 47 -



ABRE-bZIP protein system under dehydration condition. It was also demonstrated
that MYC and MYB proteins function as transcriptional activators in the
dehydration- and ABA-inducible expression of the rd22 gene (Uro et al., 1993;
Abe et al., 1997). However, the myb2 gene expression was induced neither in the
control nor in the AsFAD716 plants under drought condition in the present
experiment (data not shown).

On the other hand, the expression of the abf4 gene was strongly induced in the
control plants (EV line) but not induced in the AsFAD716 line in response to
drought (Fig. 4) when total RNAs were extracted from the detached tobacco leaves
wrapped with wet or dry cotton, as described in Materials and Methods. The abf4
gene expression was also induced in the ASFAD716 line although the induction
level was much lower than in the control plants when total RNAs were extracted

from the plants grown in soil without water (Fig. 4). Therefore, antisense

A WT Ti B

abf 4

abf 4

rRNA

Fig. 4. Expressions of the abfd gene in the wild type and AsFAD716 plants.
A: The total RNAs were extracted from expanded leaves of the
3-month-old plants that had been detached, placed in petri-dishes, and
whose petioles were wrapped with wet (-) or dry (+) cotton for
approximately 3 hrs at 25°C. B: The total RNAs were extracted from
the leaves of 3-month-old plants grown in soit without water for 1
week
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expression of the fad7 gene may have affected the ABRE/ABF dependent gene
regulation in the transgenic plants.

The endogenous ABA levels were determined in the wild type and AsFAD716
plants, both before and after drought treatment. Figure 5 indicate that ABA
levels in the AsFAD716 reached similar levels to the wild type plants under
normal and drought conditions. No significant difference in the ABA content

between the wild type and AsFAD716 line was found.

5) Discussion

An elevated trienoic fatty acid level, as a result of overexpression of the
Arabidopsis fad? -3 desaturase gene, plays a minor protective role against
chilling-induced damage for transgenic tobacco plants (Kodama et al.,, 1994). Our
results also suggest that a decrease in 18:3 content in the membrane lipids by
antisense expression of the fad7 gene reduced cold tolerance in the vegetative
tissues of the AsFAD716 line, although the reduction level was low. While
Hamada et al. (1998) failed to induce chilling tolerance by overexpression of
microsomal @-3 fatty acid desaturase (fad3) gene in fransgenic tobacco plants.
The Adrabidopsis triple mutant, fad3fad7fad8, which lacks trienoic fatty acids in
all membrane, could grow at temperatures as low as 6C with reduced
photosynthetic capacity (MaConn and Browse, 1996). Therefore, it has been
suggested that trienoic fatty acids do not play a critical role in low temperature
acclimation (Murakami et al., 2000).

On the other hand, the transgenic plants were significantly more sensitive to

dehydration stress, such as drought and high salt conditions, than to low
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temperature stress (Fig. 3). Growth of the transgenic tobacco plants was inhibited
and eventually ceased on the MS medium in the presence of 250 mM NaCl, while
the growth of the control (EV line) plants continued to grow on the same medium,
although minor growth retardation was observed. Wilting, reduction in the
transpiration rate, and higher leaf temperature in the transgenic plants under
drought condition indicate that antisense expression of the fad7 gene may well
make the AsFAD716 line more stress-sensitive.

Studies to improve plant tolerance to drought and high salt conditions have to
date achieved only limited success due to the genetic complexity of stress
responses (Cushman and Bohnert, 2000). Plants respond to dehydration and low
temperature with a number of physiological and developmental changes. Many
gene expressions are induced by both dehydration and cold, but some respond
either only to dehydration, or only to cold, and several reports have described
genes that are induced by dehydration and low temperature but that do not respond
to exogenous ABA treatment (Bray, 1997; Ingram and Bartels, 1996; Shinozaki
and Yamaguchi-Shinozaki, 1997; Thomashow, 1999). Antisense expression of the
fad7 gene reduced the trienoic fatty acid contents in the AsFAD716 plants and this
may change the metabolic regulation of the transgenic plants related to drought
tolerance. The DREB2A is a major transcriptional factor that controls
ABA-independent gene expression in response to dehydration (Shinozaki and
Yamaguchi-Shinozaki, 2000). A Northemn blot using the dreb24 gene showed only
a basal level of expression signal, both in the control and AsFAD716 line under
normal and drought conditions. This result may suggest that changes in the
trienoic fatty acid content by the antisense expression of the fad7 gene in the

AsFAD716 do not affect the DREB2A dependent gene expressions.
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ABA mediates responses to various adverse environmental stresses such as
drought and high salinity (Bray, 1997). An ABA-responsive element, bZIP
transcription factors (Yamaguchi-Shinozaki and Shinozaki, 1993) or ABRE
binding factors (ABFs; Choi et al.,, 2000) may play important roles in
ABA-responsive gene expression. On the other hand, MYB and MYC
recognition sequences were essential for the ABA- and drought-responsive
expression of the rd22 gene (Urao et al, 1993). ABA-inducible MYB and
MYC proteins function cooperatively in the ABA-dependent expression of the
rd22 pene (Abe et al.,, 1977). Myb2 and abf4 genes were sclected and their
expressions were demonstrated by Northern blot analysis to confirm whether
the antisense fad7 gene expression affects the ABA-dependent gene expression
in the AsFAD716 plants. The abf4 gene expression was markedly induced,
both in the control and AsFAD716 plants, but the accumulation of the gene
transcript in the transgenic AsFAD716 was much lower than in the control
plants (Fig. 4). The myb2 gene expression, however, was induced neither in
the AsFAD716 nor in the control plants. These results suggest that the
reduction in the trienoic fatty acid level by antisense expression of the fad7
gene may affect the ABRE/ABF dependent gene expressions in the transgenic
plants. Since the abf4 gene expression was markedly inhibited in the
AsFAD716 line by the antisense fad7 gene and the plants were severely
wilted under drought condition, ABRE/ABF may be the main regulatory
system operating in drought condition. Despite the fact that the abf4 gene
expression was inhibited by the antisense fad7 gene expression, the ABA
content of the AsSFAD716 line was not markedly different from that of the

control plants (Fig. 5). This result suggests that the abf4 gene expression itself
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may not be regulated by ABA. Although the fad7 gene expression was
induced by exogenous ABA treatment, no known ABA-responsive elements
have been found in the promoter region of the gene. Therefore, changes in
the membrane fluidity by the antisense fad7 gene expression may have an
inhibitory effect on the upstream of the ABRE/ABF-dependent signal
transduction pathway leading to the drought sensitiveness of the AsFAD716

line. Further studies on the abf4 gene regulation, and on the signals inducing

drought sensitiveness, are clearly warranted.
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Fig, 5. Abscisic acid (ABA) concentrations in the wild type (WT)
and transgenic tobacco AsFAD716 line (T)). A: The ABA
was extracted from expanded leaves of the 3-month-old
plants that had. been detached, placed in petri-dishes, and
whose petioles were wrapped with wet (-) or dry (+)
cotton for approximately 3 hrs at 25 C. B: The ABA was
extracted from the leaves of 3-month-old plants grown in
soil without water for 1 week.
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3. Antisense expression of an Arabidopsis FAD gene enhances the
necrotic lesion formation by TMV infection in transgenic tobacco

plants

1) Abstract

Expression of a wound-inducible plastid -3 fatty acid desaturase (FAD?7)
gene was induced by tobacco mosaic virus (TMYV) infection on tobacco
{Nicotiana tabacum cv. Xanthi) carrying the N resistance gene. Necrotic lesions
caused by TMYV infection developed much earlier and were larger with brown
halos in the transgenic tobacco line AsFAD716 expressing antisense FAD7. The
linolenic acid content was reduced in the antisense FAD7 plants. Induction of
lipoxygenase (LLOX) and defensin (PDF1.2) gene transcripts by TMV infection
were delayed in the AsFAD716 line compared with wild type plants. Expression
of the wound-inducible mitogen-activated protein kinase (WIPK) gene was also

retarded at the mRNA and protein levels in the AsFAD716 line.

2) Results and Discussion

In higher plants, the chloroplast membrane lipids contain a high proportion of
trienoic fatty acids. The conversion of dienoic to trienoic fatty acids is catalyzed
by w-3 fatty acid desaturase (FAD) (Somerville and Browse 1991). Two genes,
FAD7 and FADS, have been described encoding two distinct chloroplast @-3
fatty acid desaturase enzymes in Arabidopsis (Browse et al. 1986; McConn et al.
1994). One of the proposed roles for the trienoic fatty acids, especially linolenic
acid (18:3), is a precursor for fatty acid-derived signaling molecules, such as

jasmonic acid (JA) and methyl JA (MeJA) (Farmer 1994; McConn and Browse
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1996). Linolenic acid is released in response to wounding and is converted to
JA by activation of the octadecanoid pathway (Creelman et al. 1992). JA is a
naturally occurring regulator involved in plant development and response to
external stimulus such as wounding and pathogen attack. Several reports suggest
that the linolenic acid for JA synthesis is derived from plastid membranes (Blée
and Joyard 1996; Bowsher et al. 1992; Rustérucci et al. 1999; Vick and
Zimmerman 1984). Thus, the expression of the plastid FAD7 gene may be
involved in JA biosynthesis (Nishiuchi and Iba 1998).

Wound-induced accumulation of JA modulates the expression of many genes
including the FAD7 gene. The FAD7 gene promoter is activated by wounding
and also by the application of MeJA (Nishiuchi et al. 1997). Parsely FAD7
mRNA accumulated rapidly in elicitor-treated cultured cells and this accumulation
was accompanied by an increase in the content of 18:3. Also the gene
transcripts markedly accumulate around fungal infection sites (Kirsch et al
1997).

The Arabidopsis fad3 fad7 fad8 triple mutant contained negligible levels of
trienoic fatty acids and was male sterile under normal conditions (McConn and
Browse 1996). Exogenocus applications of linolenic acid (18:3) or JA to the
triple mutant restored fertility, indicating that 18:3 is necessary for normal pollen
development. Application of exogenous MeJA substantially complemented the
triple mutant plants, reducing the incidence of fungal disease to a level close to
that of wild-type controls (Vijayan et al. 1998). Antisense-mediated depletion of
potato leaf w-3 fatty acid desaturase (FAD7) lowered linolenic acid and JA
contents, and reduced wound-inducible gene activation (Martin et al. 1999). In

short, the FAD7 gene expression appears to be closely related with jasmonate

_58_



synthesis, and that in turn influences resistance to fungal pathogens.

We find rapid induction of a FAD7 transcript upon wounding of Arabidopsis
thaliana (ecotype WS-0). Transcript levels reached a maximum level after 1 h
post wounding and thercafter the gene expression was progressively reduced up
to 6 h (Fig. 1A). The FAD7 gene was isolated by differential screening of a
c¢DNA library constructed in our laboratory from plant tissue harvested I h after
wounding (Kim et al. 1994; Iba et al. 1993). The rapid induction of expression
confirmed findings of Nishiuchi et al. (1997) although they reported maximum
level of transcript accumulations 4 h after wounding. This difference in timing
may be due to the different methods employed for wounding.

Fully expanded leaves of 10-week-old tobacco plants cv. Xanthi were infected
with TMV strain Ul, at a concentration of 1 xg/ml in 50 mM phosphate
buffer (pH 7.2) containing carborundum, devepoped lesions typical of the
hypersensitive response. We found that F4D7 gene transcripts increased in level
between 12 and 72 h after infection (Fig. 1B). Repeated experiments confirmed
that the most consistent and greatest activation occurred after 48 h. However, no
increase in FAD7 transcript accumulation above the nontreated tissues was
shown in the control (mock treatment using the buffer containing carborundum,
Fig. 1B). As shown in Fig. 1A, expected damage by carborundum was
negligible from 6 h after wounding. The FAD7 transcripts often increased in
level between 12 and 24 h, declined at 36 h, and then increased again at 48
and 72 h after infection (Fig. 1B). At present we cannot explain the mechanism

causing this biphasic gene expression pattern.
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o Hours after wounding e Hours after TMV Infection
0 13 23 1 2 4 6 B 10 0 6 12 24 36 48 72

FAD 7

rRNA

Fig. 1. Expression kinetics of a plastid @-3 fatty acid desaturase (FA4AD7) gene in
response to wounding (A) or TMV infection (B). A: Ten ug of total cellular
RNA isolated from wounded tissues of Arabidopsis thaliara (ecotype WS-0O) at
the indicated time points after wounding were separated on 1.2 %
formaldchyde/agarose gel and transferred to a nylon membrane. The blot was
probed with the Arabidopsis FADT7 cDNA clone (Kim et al. 1994) and washed
at high stringency. B: Ten ug of total cellular RNA was isolated from the
tobacco leaves (Nicotiana tabacum cv. Xanthi) of 10 week-old plant at indicated
time points after infection with TMV. Afier seperation on a 1.2 %
formaldehyde/agarose gel and transfer to a nylon membrane, the blot was probed
with the Arabidopsis FAD7 c¢cDNA clone and washed at low stringency.

To investigate the role of the FAD7 gene expression in plant responses to
TMYV infection, transgenic tobacco line ASFAD716 (T,) was generated by
integration of the antisense FAD7 gene driven by CaMV 35S promoter into the
genome. The T, line showed strong expression of the antisense FAD7 transcript
and approximately 20 % reduction of the linolenic acid (18:3) content compared
with wild type tobacco. This findings agreed with lowered linolenic acid and
jasmonate contents observed in potato leaves expressing antisense -3 fatty acid
desaturase (Martin et al. 1999). Our tobacco T, line was more sensitive than
wild type to dehydration, with growth retardation on MS medium (Murashige
and Skoog, 1962) in the presence of 250mM NaCl and severe wilting under
drought condition (unpublished data). When the T; line was infected with TMV,

necrotic lesions appeared much earlier in the T, line than in the wild type
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tobacco. As the lesion developed, the size and shape of the lesions on the T
line differed from those of the wild type. The T; line developed larger necrotic
lesions (1.55mm”) with a brown halo compared with the typical small necrotic
lesions (0.73 mm®) in the wild type plants (Fig. 2A and B). The average lesion
area produced by TMV is correlated with TMV susceptibility or resistance
(Enyedi et al. 1992). Therefore, we suggest that the reduction of linolenic acid
content by antisense FAD7 gene expression increases susceptibility of the T; line
to TMV infection.

We used analysis of transcript accumulation of genes, LOX and PDF1.2
associated with jasmonic acid to further explore the changes in the plant
responses caused by antisense expression of FAD7. Lipoxygenase (LOX) mediates
the initial step in the conversion of linoleic acid to jasmonic acid (Creelman et

al. 1992). The defensin gene PDFI.2 of Arabidopsis, encoding a protein with

A B
Wild type ASsFAD716 LB oo
L6

L4
L2 |

Areagtl)

0.8
0.6 -
0.4
0.2 -

Wwild type AsFAD7i16

Fig. 2. A. Necrotic lesions formed on the leaves of the wild type and the transgenic
AsSFAD716 plants after inoculation with TMV. The upper, fully expanded
healthy leaves of 10 week-old tobacco were inoculated using carborundum
suspensions. Inoculated plants were incubated at 24°C and the leaves were
photographed at 4 days. B. Area of TMV-induced lesions 4 days after
inoculation of wild type and antisense mutant AsFAD716. Each bar is the

mean of at least 50 lesion measurements (+ SE).
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antifungal activity, is strongly induced by pathogen challenge andmethyl
jasmonate, but not by salicylic acid (Penninckx et al. 1996). Accumulation of
transcripts for LOX and PDF1.2 gene was reduced in level and delayed in the
tobacco Ty line compared with wild type plants (Fig. 3). Similar to the result of
FAD7 gene expression (Fig. 1B), both genes showed biphasic expression pattern
by TMV infection. For example, the LOX transcripts increased in level between
24 and 36 h, declined at 48 h, and then increased again at 72 h after infection
in wild type plant (WT). In the case of the T, line (T)), the transcript increased
between 36 and 48 h and then declined at 72 h. Strong expression of both LOX
and PDF1.2 genes was observed at 1 h in the wild type plants, as an expected

response to the carborumdum-mediated wounding.

Hours after TMYV infection
1 6 12 24 36 48 72

WI T, WI T, WIT WIT WIT WIT WIT,

Lrox

PDI1.2

rRNA

Fig. 3. Expression kinetics of the lipoxygenase (LOX) and defensin
(PDF1.2) genes in the TMV-infected wild type (WT) and
transgenic AsFAD716 (T;) tobacco plants. Ten ug of total cellular
RNA isolated from leaves of 10 week-old plant at the indicated
time points after infection with TMV were separated on 1.2 %
formaldehyde/agarose gel and transferred to a nylon membrane.
The blots were probed with probes prepared from the maize
lipoxygenase (LOX) (kim et al. 1997) and Arabidopsis PDFi.2
(Penninckx et al. 1996) cDNA clones. The membranes were
washed at low stringency.
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The jasmonate pathway of gene induction in tobacco involves activation of a
wound-inducible mitogen-activated protein (MAP) kinase (Seo et al. 1995; Zhang
and Klessig 1998). The accumulation of JA is preceded by activation of tobacco
WIPK (Seo et al. 1999; Seo et al. 2001). We observed a rapid increase in
accumulation of transcript encoding WIPK in response to inoculation with TMV
in the wild type (Fig. 4A). The WIPK gene expression was delayed in the T,
line. Using an antibody that detected WIPK, we observed that protein
accumulation also was delayed in the T, line compared with wild type when
both were challenged by TMV (Fig. 4B).

Tobacco plants possessing disease resistance N gene show a hypersensitive
response at the inoculation site and induced resistance systemically upon
inoculation with TMV (Hammond-Kosack and Jones 1997). A coat protein of
TMV acts as an elicitor to induce the hypersensitive response (Beachy et al.
1990). Aanlysis of changes in the fatty acid composition of elicitor-treated
tobacco leaves show a decline of about 30 % of the linoleic and linolenic acids,
with little alteration in other fatty acids early hypersensitive response (Rusterucci
et al. 1999). They suggested that the lipoxygenase pathway was involved and
that the chloroplasts appeared to be the main source of polyunsaturated fatty
acids. We have observed larger lesions and delayed induction of defense related
genes and the cellular signaling protein WIPK in the T tobacco plants after
TMV challenge. We find also that the T; line contained reduced levels of
linolenic acid (18:3) (data not published). We summarize from our findings that
reduced FAD7 activity in transformed T, tobacco limited the synthesis of
linolenic acid, that in turn limited jasmonic acid production and reduced the

ability of the plants to express the functional defense genes such as defensin.
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We speculate that the production of jasmonic acid is an important signaling

pathway early in the hypersensitive response.

A Northern blot

Hours after TMV infection
1 6 12 24
WI T, WI T, WI T, Wr T,

WIPK [

rRNA

B Western blot

Hours after TMV infection
1 1] 12 24
WIr T, WI T, WI T, WI T,

Fig. 4. Transcriptional (A) and translational (B) expressions of the wound-
inducible mitogen-activated protein kinase (WIPK) gene in TMV-infected
wild type (WT) and transgenic AsFAD716 (T,) tobacco plants. A: Ten
pg of total cellular RNA isolated from leaves of 10 week-old plants at
the indicated time points after infection with TMV were separated on
1.2 % formaldehyde/agarose ge! and transferred to a nylon membrane.
The blot was probed with the pepper WIPK ¢DNA (Shin et al. 2001).
The membranes were washed at low stringency. B: About 400 mg of
the leaf tissues were powdered under liquid nitrogen, and then
dissolved in 150 [ of cold protein extraction buffer (50 mM Tris-Cl,
pH 6.8, 20 % NP-40, 10 mM PB-mercaptocthanol, 8 mM leupeptin).
Fifty g of extracted protein from each samples was separated on 12 %
SDS-polyacrylamide gel and electrophoretically transferred onto a
nitrocellulose membrane. The membrane was incubated at room
temperature for 3 hrs with primary antibody (anti-tobacco WIPK) (Sco
et al. 1999). Anti-rabbit IgG; (Horse radish peroxidase-linked Ab from
donkey, Amersham, USA) conjugated to alkaline phosphatase were
used as secondary antibodies. The immunoblot was visualized using
the ECL kit (RPN 2108, Amersham, USA).
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ALEHE] HoF ol senses} antisense W3O F osmotin FARE ghuje] =
AA)F) 1.7} &}t Antisense osmotin FRH A= AFEA siter} EFE OS-L
primer(5' GGGGTACCCCACGAGCTAAACATGGAATAC 399} OS-R primer(5'
CGGGATCCCGACTCTTATCCAGGTCCAGAT 3HE- 7(‘]]75]'%}01 PCR% % puUC
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199] subcloningd}$3.32, pBluescript SK(+/-)oll A¢]¥ sense osmotin -§FH A=
Bam HI 3 Kpn [ 22 AFaAL A3 F pUC 199 subcloningd}sith. o]&
2He B8 AME vector]l pBI 121¢] 4FQIA17]7] £ Als A site
(Bam HI 3} Sac I)Z ¥rEo] GUS gene& #|A3F pBI 121 vectorel antisense
osmoting A4Ys F AZXE plasmidE TUF AF a4L2 238t A2

25 239t #E® ARF plasmids  Agrobacterium  1.BA44049
electrophoration (1.75KV)3}e transformation §+ % sense2} antisense osmotin--
2 primerg A}183} PCRO| 3] HAHME ARE (1. 3)3IAT °ol&
Agrobacterium mediated transformation ol 2]3] Hufjeoll =JA1Z .

el osmotin F-AHAE sense?} antisense' 3O 2 Agrobacterium mediated
transformation ¥H ol elsf Hufo] =7 F FAAGA o AL, nd # 7}
B 70 W@ AP 7H4Ae SOl CBFIY nhlslA 2 2T
she} wa1g Aol TEY 5 gt

8] 3. Sense2) antisense osmotin DNAZ} 4] pBI
121 plasmidS Agrobacterium LBA 4404¢) &2
@3t PCRE AYHR-F HAF 19
M: Marker
Lane 1,2,3 : sense osmotin PCR products

Lane 4,5,6 : antisense osmotin PCR products
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3. Dehydrin §-A A}

A s #fE LEEE A7 1A HAE FIAAE Tl late
embryogenesis-abundant proteinZ 2] 3+ 7}A] class¢! dehydrin proteingo] X3
Z)t} (Huges and Dunn, 1996). ©] dehydrin®] A|XU] 7]5-2 oFF & AA
¢rgrov} ixF S =E  hydrophilic proteino]n] ©h¥F AHXx9 K segment
(lysine-rich repeaty® EFF3l3L AT} (Close, 1996). Dehydrin®] A3} =3 o]
cold acclimation &-& A& 2UAL BRA3e do @dE = d= 715
Aol o] s o3 +=2oEo] 23 it} (Danyluk et al, 1998; Kemp
et al, 1997, Welin et al.,, 1994; Danyluk et al; 1994; Arota et al, 1994;
Wolfrain et al.,, 1993).

Arabidopsis dehydrin 52 2}¢] sequence (Rouse et al, 1994)7} o|w] ¥&]H
o]l7] wjEo] PCR¥¥o] 23 cloningd}ia} stk PCREHS-& 9%
templates $17] 9I8ld Y A8 <l Arabidopsis (ecotype Lansberg)e] genomic
DNA & @8] Falo FE3ch 2EFAAE vectore] 8-o)3HAl A
717] $15}e] pBuescript SK(+/-)ol subcloningd}>] 9%+ primerE A &8}t
BamH I (5’ CGGGATCCCGCCTAAGAAAGAAAAGAGT 393} Xba I (5
GCTCTAGAGCCGAAACCAGAAGTAGATA 3") AFFES siteE FHUlsted 1
otsk zhzhe} primer (20 pmol20x)E FHAYF(F)9 PreMix TM-Top B
genomic DNA(1 pg)9} E3ste] HF 27} 20 w7t =A 33tk PCRRES
Z78 94Co) A 30% < denaturationdt F 55°Cel| A 30% %<t annealingd}
o] 68°ColA 1% B<Q extensiond} 3L, 40 cycleS A|3sted ¢F 0.7 Kbol} ©]
2% PCR product® X3} ©] productE A|gka A Bam HI 3 Xba I &
2 A3}l pBluescript ol subcloning 3+ ¥, T3 and T7 primers $}THERMO

sequenase cycle sequencing kit (Amersham) & ¢]-&3}o]. F7|ME E4% &4
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3, Rouses o] Xero2 2 H Rt dehydrin geneS FS5E 4 YUt
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M3 H'-ATPase ¥ X2UA Xzxgt
SEX} T}

A1d A &

olt

oldtly HEES A2 WP HNEER ol 23 E4o) & FA
o S50 =i g0 A2 1L gRBAHS sk YAH B
A AxEezm Ao % 48 7 WA de PR FeA U
(Hunter et al., 1989; Palta and weiss, 1993). Aol o]} uto] AelHYE o]
259 ¥ R4 walE Jhxe o F99 AR FAE oA AHRH
o7 wte] 7]%o] AAErH(Murata and Nishida, 1990). Bg}e] 13 Ayl 7|5
FAe AEANESY B3 G B Tl 9L vAY ol AEA zA}
A3
AL AEANER ol vhg o), FEELS 9 XA BEXIE
EA4A 2o FE5AHAE FATLEN A2 o3 w &AL WY
(Williams et al., 1992; Wada and Murata, 1990; Tiku et al., 1996). A-&olA] =}

(il
N
rlo

¢

o

i

gx

Ade] BX¥3= w-3 fatty acid desaturase(fad)ol] 2]2l dienoic fatty acid7}
trienoic fatty acid® W38l Aol F A o]tiSomerville and Browse, 1991).
Arabidopsis®] 735 3FF2] w-3 FADs(FAD3, FAD7 3} FADS)$} 1 84 %
o] Y X|(FAD3= microsome, FAD73} FADS8-E- plastid membrane) 12]3. 734
59 9x)7F Bal =<t Arondel et al, 1992; Iba et al., 1993; Gibson et
al,, 1994), o] desaturase ¥¥A]-& A2, drought, wounding AE & Ao] 2]8) =

7}=l+=4) o]+ transcriptional ¥-+= posttranscriptional regulation o} 2]3} Z& =
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v}t otelAd QITKTiku et al, 1996, Nishiuchi et al, 1997). Fad3 §-AR= B
At SAANA F5 BPEE Rew I#A drHLlemieux et al, 1990). ©]
£ BUYE Q0|7} Xgo] I5CoIFE "ojd ¢ 7ol FexHe 99L&
Aed o3 HElrs FAs B £ g Aotk & A2 fad3 /AR
gxoz fgdute y1go) FAHL o X% w¥AEe] JT ER
g2 B 4 Uk 3] 9P A H-ATPase £49] 7% X v &

t}. A3 Au H-ATPase f4E o] o2 3 dii E2E &F3le T8
%S @dEtn Uk fad3 @A 2ol 9% e §54 FAE e
o]l & F4 SEo] §XHE ouldy ol ¥ A H-ATPase &4

HAE ou gt} ol ALAME ¥alrlFo] FAFHo] HEo] AL A
£ 4 e e npEdtets F5En-

Qo] Ee 2olo EF &M fudl FAAE BEIL HAA
HlE S A 3= promotere] EAS nln, BEA5te] o] ¥ X2 W
A AL FAE A o w3 P et H-ATPase ¥4 =HAHY e &d
51 FEEEA FAT a) FAA FE oA FE b) typsin A
o] akz}el] 213} C-terminal autoinhibitory domaing] wW3le]] 2|3t 23 ¢) G449
comformational changeol] 213+ =¥ FFol Bz FHojHch gt 14-3-3
proteind] 2} ATPase AT Z7}7} 14-3-3 dimer 2} H'-ATPase Z}9]
complex @A B FojQli(Vera V. Chelysheva et al,1999). ol E
&z @ole} ub Mmalox] AL e o3 W3lse AP AU H-ATPase
Ao g ="bag FARIRA AT
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A2d A7 9 EH

1. RNA gel blot analysis

2ole} u} #e] z& o4 TRIzol solution(Gibco-BRL)o| 23] F& ¥ total
RNA 30 4g& 1 % formaldehyde agarose 214 gelolA] W7\ 55l Zeta
probe membrane(Bio-rad)ol] blottingA] Z1t}. High stringent AEj(65TC)olA] Aut
Aol "Wy oz 20A]7t hybridization 3+ § 2x SSC/0.1%, 0.5x SSC/0.1% SDS,
0.1x SSC/0.1% SDS 2] &=AMZ 65ToA MAHF F Xeray filmel] =FAF}

2. Western blotting

Protein 20 pgoll MNFHE &5 P9 A& SDS-PAGERYHoz
ZA-& B-2]5}al Electro transfer (BioRAD) kitE AF£-3}o] towbin buffer [10 %
Methanol, 30 mM Tris (pH 8.0), 192 mM glycine] “Fefoll A nitrocellulose
membraneol] transferd}$3 Tt} Nitrocellulose membrane & 10 % EX|E-F= 34)
Z+%E9t blockingA1Zl ¥ A)ZE anti-H'-ATPase A& 1:7000) &= 3|2 A)H
A} 2A1ZF %<t membrane®} ¥WHS-AlFtl. TBST [100 mM Tris-HCl (pH 7.5),
0.9 % NaCl, 0.1 % Tween] 2 158%] 33 wl& A3 F alkaline phosphatase
7 dgEo] e B @A o FAE 1:10000] &2 5] A3t 22])7F ¥
QA 71}, TBSTE 43] wWHE A X 3}31 alkaline phosphatase byffer(Bio-Rad)=Z
Ay 31 nitrocellulose membrane-& NBT2} BCIP £ oj| A a3t
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3. Solubilization of H+-ATPase

Wash buffer [330 mM sucrose, 1| mM DTT, 5 mM Mes-Tris (pH 6.5)] 9
HAYd e 4FFARE FANEE 100,000e2 AH RS AL
pellet-S- buffer A [5 mM EDTA, 0.1 mM DTT, 10 mM Mes-Tris(pH 6.5)] o}
=} Buffer Aol Ho3 €43 IS Dodecyl- 8 -D-maltoside (20 mg/ml)7}
H7VE B buffer A% 4&F 2014 30min S W-EA)7]T 100,000
o X 45min Ft 4l et FFHE ALE-EAT (18).

4. Membrane Reconstruction

Dodecyl- B -D-maltoside”} *] 28 2}t & o] soybean phosphlipids (asolectin,
sigma,Co)E AlR-3led whg AFAAAFHE Dodecyl- 8-D-maltoside 0.16-5 mgoj)
ste]  0.25-8 mgel HIEE  asolecting  A2A] 8EIF wigA|Zl F
H'-ATPase B4 EE £33} Asolectin A 2]|® @A HFHE7) 0.04 %
7} =& lysophosphatidylcholine-2- A 2] 3} T}

A3d Az g nE

1. 20]9} Fulo]l H-ATPase cDNA &Y

Arabidopsis 2+ Brassica napuso| X B8 93 A9 H-ATPase mRNA 7]
NIRRE AR primers ©)83te] AP A H-ATPase {3 &S
PCRHPH © 2 1358bp =17](+270-1628)¢] cDNAE ZZ3Qch=ad 1). oS
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PM H'-ATPase

( cDNA af 4. thaliana)
11 270 1628 3226
| atc TGA |

PM H*ATPase AAGTTTCTGGGGTTCATGTGGAATCCTTTGTCATGGGTTATGGAAGCTGCAGCTATTATGGCTA

TTGCTTTAGCAAATGGTGGTGGAAAGCCTCCAGATTGGGAAGACTTTGTTGGTATTATTTGTTITAT
(cDNA of cucumber)  TAGTGATCAACTCCACAATCAGTTTCATTGAGGAAAATAATGCTGGCAATGCTGCTGCTGCTCTCA
TOGCTGGCCTTGCCCCTAAAACCAAGGTACTGAGGGATGGTAAATGGAGTGAGCAGGAGGCTGT
AATTTTGGTTCCAGGAGATATCGTTAGTGTAAAATTGGGAGATATTATCCCGGCGGATGCTCGTCT
TCTCGAGGGCGATCCTTTAAAGGTTGACCAATCTGCATTGACTGGAGAGTCACTTCCTGTTACTAA
AAATCCAGGGOATGAAATCTTCTCTGGTTCAACTTGCAAACAAGGGGAAATTGAAGCTGTTGTAA
TTGCCACTGGTGTGCATACTTTCTTTGGAAAAGCAGCACATCTTGTAGATAGCACTCACCAAGTTG
GGCATTTCCAGAAAGTGCTTACAGCAATTGGGAATTTTTGTATTTGTTCTATTGCTTTGGGAATGC
TTATTGAAATCATTGGCATGTGCCCAATTCAACATCGTAAATACCGTGACGGAATCGACAATCTCT
TCGTTCTCTTGATCGGTGGCATACCAATTGCTATGCCTACTGTATTATCTGTGACAATGGCTATTG
GATCTCACAAACTATCTCAACAAGGCGCCATCACGAAGCGTATGACTGCCATTGAAGAAATGGCT
GGTATGGATGTCCTTTGCAGTGATAAAACAGGAACATTGACTCTAAACAAGCTTAGTGTTGATGT
AAATTTGGTCGAGGTTTTTGCTAAGGGTGTGGATAAACAACATGTTATTTTGCTGGCTGCAAGGGC
FTTCTCGAACCGAAAATCAAGATGCAATTGATGCTGCTATTGTAGGAATGCTTGCTGATCCTAAGG
AGGCACGAGCAGGCATAAGAGAAGTGCATTTCTTCCCATTCAATCCTGTGGATAAGAGAACTGCA
TTAACTTACATTGATTCTGATGGTAATTGGCATCGAGCAAGCAAAGGAGCTCCCGAGCAGATCTT
AACACTTTGCAACTGCAAAGAGGATGTCAAGAAGAAGGCTCATGCTGTAATTGATAAATTIGCAG
AACGCGGTCTTCGCTCGCTGGCTGTTGGGAGACAGGAAGTGCCTGAGAAAAGAAAAGAAAGTCC
TGOAAGTCCATGGCAGTTTGTTGGCTTATTGCCTCTGTTTGATCCTCCAAGGCATGACAGTGGAGA
AACCATCAAAAGAGCTCTCAATCTGGGTGTCAATGTCAAGATGATCCTGGT

a2 1. Nucleotide sequence of partiaBl H'-ATPase c¢DNA of cucamber root
ArabidopsisS} Brassicanapusol| ] Hitel 982w H-ATPade mRNA 7]
Az E A2 primerE o] £3ta] @At H-ATPase {24} A5
£ PCREIH| o2 1358bp = 7)(+270-1628)2] ¢cDNAE HE3¢c. HE B
E-2 PCRZSZ9] Al8-% primere]|t}.

A71MDe B8 A3} Arabidopsise] 1% Fu H-ATPase cDNAS] 7]
g3t oF 80%ol4e] A54Ae Ushlle Ao A"

2349 H-ATPase §-#12} v

Qoje} &l My zFoA Ao oF 3 Au H-ATPase 2Ae] &
Hik A& Al BEAL AV €8] 939t H-ATPase cDNAS]
3.2 probe o2 AF&3}4] Northern hybridizations: HA|3MA Tt 1 A3 2.9]
o] A%, vFxTe] ol £3E mRNAYC] A& 1Y A #& AL

A& AHad Bele] mRNA R} 3t FUhe ey suf RBedM s

£ %

ot
ISR
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HETM 28 mRNA & 43 A7lel mat S7rERe AL AE
o] Helo} %A@ mRNAL 27 vish AFR-S st (28 2).

Lo]9} ZuHRE oAl western blot analysiso] <ls] &ol® A3au)
H'-ATPase H2%¥e UZEd ALALYFE 2% 4% A7l ma}t Zrk=u
i Aejezte] Aole SRR 3 3087 nypsing X 2g
ol A 90kDa =719] A2 W=7t gl e} 23 39 Jehd M=%
o] 993 A} H'-ATPase] & 213G tHZRE 3).

Cucumber Pumpkin

H'-ATPase H*-ATPase

rRNA

12l 2. RNA gel blot analysis for the H'-ATPase gene expression o]} Zu} BB
2] Z#dA] TRIzol solution{Gibco-BRL)e| &l8] F& ¢ total RNA 30usS
1%  formaldehyde agarose WA gelolA A7) %F38}e] zeta probe
membrane(Bio-rad)®l] blottingA]Z1¢}. High stringent AFej(65C)A] LRSI
Hhy o g 20A1%F hybridizationd: & 2x SSC/0.1%, 0.5x SSC/0.1% SDS, 0.1x
S8C/0.1% SDS2] o & 65TolA AHEE T Xeray filmol] =& A F ) 1,36
2=, CLC3.C6: 42 A &)+, number:culture period day.

Cucumber Pumpkin
kDa 1 UT 3 C3T 6 C6 C6T kDa 1 T 3 3 car 6 Cé
100 — [oiEs ST 100 - — —
90 — | 90 = [#* S SR e T

Z18[ 3. Western blot analysis for the H'-ATPase Protein Protein 20ygol] 35 =
F9dd dAY Al5E SDS-PAGEWH oz dwwidg Heldti Electro
transfer(BioRAD) kitE Al-&38}o] towbin buffer [10% Methnol, 30mM Tris(pH
8.0), 192mM glycine] “}Ejoll A} nitrocellulose membranedi] transfers} i ch.
Arabidopsis  thaliana H+-ATPaseol] T3t 3AE A319r 1,3,6:09 %L,
C1.C3.C6:A)-& = 2]+, number: culture periodday, T:Trypsin treatment.
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3. Trypsin Melol] 9% AU} H-ATPase o 4 3}

Aexe € Reloae ad A Ut F32 28 Y5 o) A
e 2ol ofvzhd ALxdel oF fE® AL T2 comformational
changeol] o3} =4 =ojAAR 3% 4 Utk olo] uypsin He)e] T A
FAe H-ATPase o] 84 W3HE FAMSHATH o) Reje] F dzen
AL EF trypsin Mol QE] BA Ao 70%FE FUHEA
trypsinoll 213} proteolysis”} IR F3 #&xalTolA] LAsHA olRFHL-&
@ S Atk Eub Wele) AL UETNAME uypsin Ao L8 T B3
=7t ZFAHQeY} AL HEFE uypsin Aol o8 B BHES) Ol o
4 F7F HALS S A ole AL AP 6t Hajo) H-ATPaser}
oln] FAFEULS AASFLAKILE 4).

Cucumber Pumpkin
(%)
i OGnnd
hi)
x» ‘ 2| whwe
o Ao 2
h _>
é = § 0
o o
L mw 3
é E 1
< w =
Eﬁ qg 10
(5] .
.% o &
E ¥ o
L]
ol . - ¢

1 k] c3 [ Co
Culture period {day)

1 Ct 3 €3 6 C6
Culture period (day)

12| 4. Change of H'-ATPase activity by Trypsin treatment
1,3,6:t =T, C1.C3.C6: A& A 2]+, number.culture period day.
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4. Asolectine]] 2]3l] AFAAE Y Av} H-ATPase o] A W3l

thadg 5). o] Azke uypsin A Axolr AFHAR Zut P9
H'-ATPase7} A& Xglo] <9& oju] ZASHUSE wajze}l o=
H'-ATPase¢] C-terminal inhibitory domain®} @A#AEF o] S-& AT + Ut

Pumpkin
Cucumber p
(%)
(%)
w 600
OConmt [ Cortrol
X0| BA BAse
_B» 500 g AsotlysofC
2 o) B
8 = ;
P o Z
g S Z
A w ‘lﬁ é
= Z
Z
) E g.
5w :
£ % '
k N (3] 7z
T ol g ’ 7
N Z %
2 3 n
. ] Z 7
N Z Z
D § 00 Z ’2
o LLN S % 7
1 ¢ 3 C3 6 C6 °M 3 C3 P
Culture period (day) Culture period (day)
p

Z8| 5. Change of H"-ATPase activity following membrane reconstitution
Dodecyl- 8 -D-maltosidez} *2]® =td¥)@o]} soybean phosphlipids
(asolectin, sigma, Co)S A}&3to] =2 AFAJAFTt. Dodecyl- S
-D-maltoside 0.16-5mgoll ™3] 0.25-8mge] H]-&-E asolections A&
o)A 87t uke-A|7] ¥ H+-ATPase BAHEE FAFt) Asolectin A
2lg gwde) HETw =7} 0.04%7F EEF lysophosphatidylcholine&
Aastacr 1,362, CL.C3.C6:A4L A 2|t, number: culture
period day.
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5. 20]9} FHle] FAD ¢DNA E&4

Ao 23 H-ATPase BAE Z717F 99 2dwg739] Wslo] 23 Ao
g 2do] WHEE dFE 4 Aok o)l fatty acid desaturase(fad)3
¢cDNA HE PCRYUNORE SFZYYSFQUHLY 6). Arabidopsis®} Brassica
napusA A BilE fad3 mRNA 7] XQ2RE] AZ3E primers 0|83}
fad3 SRR YBEL PCRYYOZ 305bp 7|(+212-516)¢] cDNAE =
L=

z3)

Fad3

(cDNA of A4 .thaliana) 1 212 516 1409
[ ATG |

Fad3’ CCTAAGCACTGTTGGGTTAAGAGTCCTTGGAAATCAATGAGCTACGTTGTGAGGG

(cDNA of pumpkin) TGTGGTTGTGGTATTTGGATTGGCCGTTGCTGCTGCTTACTTCAACAATTGGGCTGTTT
GGCCTTTTTACTGGCTTGCTCAAGGGACCATGTTCTGGGCTCTGTTTGTTCTTGGTCAT
GATTGTGGCCATGGAAGTTITCTCTAATGATCCGAAGCTGAATAGTGTTGTTGGCCATA
TCCTTCATTCTTCAATCCTAGTTCCATATCATGGATGOAGAATAAGCCACGGACACAC
CACCAGAACCATGG

O8] 6. Nucleotide sequence of partial fad3 ¢DNA of pumpkin root Arabidopsiss}
" Brassica napusol| ] B.31¥ 9% A9 H+ATPase mRNA 7] MIAZRE A
Zg primerE o8&l fad AR YRE-S PCRYHOE 305bp =7
(+212-516)2] cDNAE FE3lc}. W& FHL2 PCRFEZ | AHEE primero]

o},

6. FAD3 A%} s

PCR "}{o] o) Z=Z% fad3 cDNA YR E probel @ A}25ld RNA gel
blot analysis©. & faud3 H1A HEHE FZAEIETHAY 7). Lo #gle] A%
thzae] Bejell F2E mRNAY] ®s] *2 2|3 22 mRNAYLE A
2)7zto) A5 Fastdont s o AL Heie] mRNAYO]
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Cucumber Pumpkin

Fadd3

rRNA

8| 7. RNA gel blotanalysis for the fad3 gene expression @ o]} FH} Hig] Z A o] A
TRIzol solution(Gibco-BRL)ell 2]&)] 3% total RNA 30ug-8 1% formaldehyde
agarose BA] geloll A 27195 8}ed Zeta probe membrane(Bio-rad)ol] blottingA] 23
t}. High stringent AFER(65T)ol A Awrz el why o & 20A]2) hybridization$
¥ 2x SSC/0.1%, 0.5x SSC/0.1% SDS, 0.1x SSC/0.1% SDS&] =A|=Z 65T oA
A F Keray filmol] =ZAACE 13,6027, CLC3.C6:R-L A,

number:culture period day.

ol Histe] 71 RS HASNA o 24z A¥ A H-ATPase &
Bt fad3 FrdAel EEe] BY QS-S o F vk ¥¥ A H-ATPase
= oAl W) %o Xid PeFS rxE Hosm A#A YR BE 7
oo Bx3l d47 @de] e Zew Hn Hh o] Az Qo
¥ Aul H-ATPase 7|5 A3ls} BEEn o &

e

=
me)o) Flze] Ashe 2
A

e AeolM fad3 AR e] WHo] F7MEA 2@ ANz FEE.

7. 14-3-3 SR A} 1

23 A9t H'-ATPase$} complex& o] F o] &4 FAHLE Z71A]7]: 14-3-3
G A X 2o o HA BAEE WA ABAHE ZAZ] 5] 20]
o} Fup¥ialoflx] RNA gel blot analysis® 14-3-3 f-Ax} 2@& =AML TH
ALE-5 probed 24522] ¢DNA library o] 23] doja L4492 14-3-3
cDNA9] dF-Holt} (1§ 8). 20| ¥u]9 A AL A o F3HE
mRNA%Fo] = Held] £3E mRNAYRT F7Fd s 1At &
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H Ele] FS-eAx AL 3Y Mg AL 0l¢ e AAr}t F
AEHAJTHZHE 9). Zuke) A¢ 14-3-3 FadAe) @ 4ol H-ATPase &4
E F7F 4T fFARRY 209 BedAe dutEles S UEHS-

14-3-3
( cDNA of Oryza sativa)
1 490 781 1002
I ATG/l [ TGAI
1433 CCATGAATGCCTACAAAGCTGCTCAGGACATTGCTCTTGCAGATCTGGCTCCAACCCA

CCCCATCAGGCTTGGCCTTGTTCTCAACTTCTCAGTGTTCTACTACGAAGATCCCTGA
ACTCCCCTGATCGCGCCTGCARCCTTGCAAAACAGGCCTTCGATGAGGCGATCTCTGA
GCTAGACAGCCTGGGAGAGGAGTCATACAAGGACAGCACTCTGATCATGCAGCTCCT
GCGCGACAACTTGACCCTATGGACTTCCGACACCAACGAGGATGGCGGCGACGAGAT
CAAGGA

(cDNA of Zea mays)

18] 8. Nucleotide sequence of partial 14-3-3 ¢DNA of Zea mays 2-5-52] cDNA
library Z4jell 2J3] ol S-4429] 14-3-3 cDNA(282bp)2] YR E-S <)
s5ch.

Cucumber Pumpkin

14-3-3

rRNA rRNA

18] 9. RNA gel blot analysis for the 14-3-3 gene expression o<} ZF 9} ¥g] =
Z o)A TRIzol solution(Gibco-BRL)ol] €13} F& ¥ total RNA 30ugg 1%
formaldehyde agarose®iAd gelolA A7) 4FSte] Zeta probe membrane(Bio-rad)
o] blottingA] T} High stringent AEi(65TC)oA AWkl WlyHoz 2043
hybridizationd} ¥ 2x SSC/0.1%, 0.5x SSC/0.1% SDS, 0.1x SSC/0.1% SDS9]
A2 65TolA MAHS F X-ray filmol] =& A1FH) 1,3,6:t)2F, C1.C.C6:
A& Ag]F, number:culture period day.
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L0] ¥y 7% %ste ¥ A9 H-ATPased] @e @4 mjEoz
H AR d 5= ok 99 o) AL X3 2o B YF At uy}
A9l &3 o g Q8] H-ATPase ALY} AN o2 3EIx Q= A
o2 GFFE vk 2, AN Be xR zu oo 932
2 H-ATPase @H= F7te FAA Bd9 S7E0E 48298749 W
el Z10%E AiE5E 4 Ak AN E T Bele] 9y H-ATPase
o] A% Sl @ E-Ad @Fe W3}l e &4 FF9 conformational
changeol] 2]3t Zlole} H&3) AEAZIE olfduh. )& 98N HeAm F
o] 1A AHYE Aste] gk AL ¥ oljE} ATPase FAjo i3
fusicoccin®} 14-3-3 Gl F 9ol gk A7} S8 5ol x okl
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AT N2UA HAHE A2 jLRof

o O

A 148 Arabidopsis FAD$} CBF1 57325 23S}
= {AXZ 0] £4

LoAlE 8

7}. pBI121-& ©]-8-3} Arabidopsis2] pBl1121:.CBF/FAD W¥E =32}

Arabidopsis®] CBF/FAD7} Eo{)= pBluescript KSE polymerase chain
reaction®] template® A3 CBF {f3x}E ZEZF3lr] 98l forward primer
5-d(AGAGGATCCAAACAGAGTACTCTGATC)-3'(BamHI sitex= &), reverse
primer 5'-d(GGTGGAGCTCTGGAAACGACTATCG)-3'(Sacl siter= WE)E o] &
331, FAD FAHXE &ZEZ35+7] 3] forward primer 5'-d(AGAGGATCCT
CAAGTTCTAATGGCG)-3' (BamHI sitex L%), reverse primer S-d(GTGGAG _
CTCGATCGATCGTATTCAGAG)-3'(Sacl site= QH)E ztr] ARl ®HF
PCR W& Algsle] AAHES &85 §F Baml/Sacle2 AGF §F EEs)
9Jth. E32]8l Arabidopsise] CBFFADE & 848 ZHWGE binary vector
pBI1219] & ligationd} 4t}

1}, @ o] H(explants) FH]

Qolo] 22 (&A1, F4 At oldFa (el B wqt
o, ZFuke 98] Lo]&xr) XA FEE FFHA FAte] FHE

AAZ F FAE g Fo] AT HATE 70% ethanol?] 20 mlo] °F 30x &
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o

oF e thE 1% NaOCl o ¢F 28 30% B¢ d4gdc 2 F d45F
2 oje]l. ¥l sl@E 5 ¢F 308 F< shaking A]7|AA &3] Aojdch &
T filter paper2 FAE FAA E7]1& A AT F  hormone-free MS medium
o x4dste] gHeElclA S A F HAAE A w gt MS 7E
wl =z 4] 6-78 A&k 9 0]E bladeZ cotyledond 45 H3sle] HHES ¢

il
Kl

hypocotyl®] stem®-9]E 0.1-02mm%F @73 HGstn cotyledon2] UF-H-&
JA AWE e, 182193 A 20]F A F WA BEHe petioles

explants2 WHEo] FAATE o2 AHE3IHT-

t}. Agrobacteriums w7/ 20 FAFE

Kanamycine©] 50 gg/mlo] 88 Smle] YEP mediumo) A} Agrobacterium-S
overnight culture(28 C)3Hc}. Cell titer= 600 nmo A OD 2.0 Axe] 58 F
"] &hck. Cello] HIH™ 5000 rpm e 2 3F FoF AR A1A ZAYL A

2] 12 pellet2- 5 ml2] YEP medium® 2 *=%IT}

-

W7 H Petri disholl Agrobacteriumo] =Ho}l0E 5mie] YEP mediumE F¥H|3
1100 M acetosyringone-S 3 7}gch FH|E explantsE mediumz} oF 3-5%
co-culture  A}71th.  Co-culturer} E1bd callusel]  Folle  Hogk
Agrobacterium& Zo017] 18] B filter paper 9ol explantsE &7 A 2=
A A3 F MS co-culture medium (12 &35 WA =2 =443 Fd)e
2 &AM o AElolA 2-3A7F culturedth 2-3Y3E culurer} EUE BT E
petri dish o] HWH Z=HFE BT explantsE KA Agrobacterium& A A3|E
t}. Washingo] ZU¥ sterile filter paper 912 explantsE &4 E71E AA3%
3 AZFA|Z] ¥ kanamycine (100 mg/L) R cefotaxime (250 mg/L)S {3
MS A3} HjAR &30 F o Aol 3F BT e H AECA HlEA
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7 25 Y AR WiXE KY|AA ALt AMEE MS AE3 )
Aol s2E AL Y-S ®14 Zrh o AEHCA wigd AL 3F FH
B 3 Aeolx wiFsly Mg e callusyt FAPHE shootE FEFTL
shootinge] WojvbA 1 7A9HE bladex wlojujo] hormoneo] {ue MS
rooting medium (kanamycine 100 mg/L, cefotaxime 250 mg/L)S 2 A ¥

= fEA.

2. TO B2 A3 2 o]ZRE] Southern blot 34

CTAB % phenol/chloroform ¥ © Fcytosol transgenic line % plastid
transgenic lineE2YX-E] genomic DNAE £E|3 ¥ 5-10 ugd =2 gDNAS
EcoRl & BamHIA|StEAE A3 & 0.8% agarose gelo] H2]3F F nylon
membraneol] Ho]&}a] AF7]2] northern blot ¥4l 2]A southern blotE =

arct,

v}, &z 2 $#) 2] Northern blot #4

Aol HEH NANES AUste o]E total RNAE F2F ¥ t3d &2
o wr¥ o F northern £43-& 3t} Total RNAE loading buffere} 4o 65Tl
A 7+ad38le] denaturationdlt F- total RNA 10ug& formaldehyde agarose gel®]]
loading3led 7] @%3 ¥ 10X SSC buffero)A] nylon membraned] & 71th.
UV cross linkinge] 2]3] RNAZ filterjoll 23T F hybridizationg F3)
t}.

nh. 3@ HEFA 2] RT PCR £

1235 5ug total RNAE oligo dT 2 HAAL E4E o] &3l cDNAS &
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AE)T1 )5S template® ©o]83la] Z+zt CBF/FAD gene& PCR w3 &<l
slax} 3} CBF S-AxE £3E317] 93l forward primer 5-d(AGAGGATCC
AAACAGAGTACTCTGATC)-3'(BamHI  sitex A=), reverse  primer
5'-d(GGTGGAGCTCTGGAAACGACTATCG)-3Sacl sitex= EE)E ©]-&3}a,
FAD JARE ZE357] 98] forward primer 5-d(AGAGGATCCTCAA
GTTCTAATGGCG)-3'(BamHl sitex= =), reverse primer 5-d(GTGGAGCT
CGATCGATCGTATTCAGAG)-3'(Sacl site= H&E)YE 2}7] AM8-3le] annealing

L= 50Cd A ®F PCREHEE 3o}

2. 20] FAAZ Wy o A3}
7}. pBI121-8 ©}-8-3t drabidopsis2] pBI121:CBF/FAD vl 5] 2+

Arabidopsis?] CBE/FAD f2A5 pBII2IYMEE =3t HE =
35S-CaMV constitutive promoterdl] ¢J3] W EEHF 3t CBF FAAE
pBI1219 E o] 41413+ AT}, FAD #AXE pBli21 ¥Ed] 443 274A] F2
=z B 239 L8319t pBII21L  cauliflower mosaic virus(CaMV) 358
promoter® GUS #72te] upstream 2$jo] 7}X|31 flo] GUSHAA L=
9%} A Fch ulElA] pBII21S BamH [ /Sacl AR 42 W3t GUS
SAHAE AASI CBFFAD H#3AE GUSEHe] tiAlsidet. 2579 M
E]®2 23} ¥ Agrobacterium tumefaciens LBA4404% host strain® g o] dA|Z]
% Agrobacteriumd] ©]5 plasmid 7} £} A=A AN A, g 13 2
o] A}7]e] specific primersES& ©]-83la] PCRE 3% Z3} CBFFAD insert
7} WA 89 & 5 A Hlew, o]E AgrobacterimE 2°] FH A
g shed ARg-skR T
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M CBF FAD

8 1. PCRe)l 9]3F Agro LBA4404ol] E¢]E CBF/FAD &
AALe] A& Lane 1: molecule marker, lane 2:
CBF (698 bp), lane 3: FAD (1535 bp).

g 2AuE ZIHE o] o] FAAY

AFH7A] 2ole] FAAF] FFsYrie RiaE Y89 Nishibayashio}
tls52} Chee PP5 o] Plant Cell Reports (1990, 1996)s] M. i3+ 2% o] H-%.3}
Sarmento GG%-©] Plant Cell, Tissue and Organ Culture (1992)0] R 313 33
Aot ol =EES EUE AL 2 do) 24 thdst Qo] ARG o)
B33 FFE Inbred line @ AUEle} FI Witit}y] 88 ALE-3le] iz
o8 3oy FHEAEMAE FRF F71 gATh ol wye) o3
Kanamycin AR 2 E3Lel PHREES] Q20]E o] Northern blot -A)o)A]
Transgene®] S B9 @ 471 QAT olEle A2AA FUF 2o]o
FARIPPS AT AAE 295 ATh BAE v As2A 2e)yA
& AFG7A AEF pBII2I)FADS] Kanamycin A dFfAl FADSH2}=
pCAMBIA binary vectoroll 4t]3}a] (pCAMBIA:FAD), A& wlo} u)a) A A%
A EdS(Escape) &Y 4 U Hygromycin A& o] 83 20] FAHNPL
Fslar Ark EF o) WEAAATIOA QolFAAE ATE Dr.
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TabeiE 3} Anj} 51 Qo] FAXAF W (Tabel et al, 1998)& Wik

o} FAAIYL AL JYE Folth

B adeld 3AAHLCIE Sk s FUHRAY PEES 9k
W gt gk

1 WHO : AH(explant) 2.2 A ¢(cotyledon)S ©]-8 (Chee EE (1990)

Plant Cell Reports 9: 245-248))

1-1). Ro] HEH F£H

20l9] FAHaAIYE], F4 A7PAd)e el 20]A1 g ] EF wolA
AMESIRTE. FEulg 98] RolFEAIt XA ZEF fFostdA FAHe
g AATG F TAE oS go] 4TIt 70% ethanol2] 20 mlo] of
302 B¢t gk g 1% NaOCl o of 23 30% F<t &4t 2 F &
TEFrE odg A AAE 5 F 308 5 shaking A|71HA ¢4AE] Hof
o). A filter paper® EAE $AX E7]15 A AT F  hormone-free MS
mediumol] X]’Fate] vigTTE MS Z)& ujA|d A 6-7U A 2] & blade®
cotyledong 453l HHE WEo] FHAAEE explant2 A3} T}

1-2). o] FAAH

Kanamycine©] 50 gg/mio] F-H 5mle] YEP mediumol| X Agrobacterium-S
overnight culture(28 C)3+c}. Cell titer= 600 nmollA] OD 2.0 =< & F
H] 3t} Cello] FHIE™ 5000 rpm e & 3F FQF fA4EE AlA AR o
2]37 pellete 5 mle] YEP mediume g vl H@E  Petri  disholl
Agrobacterium©] =olds  Sml2] YEP medium-& FH|FIZ 100 ¢M

acetosyringone-S 713t} FEulEl eol9] AR Agrobacterium} F 3-5F

- 93 -~



co-culture  AlZltk  Co-culture’} E1PH  callusol] doll:s  shc}lgk
Agrobacterium-& Eo°]7] 93] B filter paper 90| explantsE KA 7=
AAS F MS co-culture medium (X12] 53} wjx] =28 247 U)o
2 HAA o gEiolA 2-343L culturedit). 2-3U7F culturer} EUbA EEH
petri dish ol H@ F/FFE RIL explantsES £ A A Agrobacteriums A A )&=
T} Washingo] v} sterile filter paper 9|2 20] AHE 274 E718 A
&3l HEA|Z1 F kanamycine (100 mg/L) 9 cefotaxime (250 mg/L)S 3H&-3)
MS A3 MAZ 31 F oF EjolA 353 Tt wigAFIE 25
AEL AR &H71HA ATk A1E83 MS AR wiAle 328 %
® 13 &t}

o EiolA Wi HEL 35 FRE W Aol wids A
= callus7} FAAENA shootE FE3t). shootingo] Yojubd 2 A ke

Z

o,
o

blade® wWojulo] hormoneo] {1 MS rooting medium (kanamycine 100 mg/L,

cefotaxime 250 mg/L)2.2 £7A HEE FEAH-

E 1. AHSE MS AEs) vixe] 528 24 @ 328 A e AE3 A

MS medium +{mg/L)

BAP | NAA | ABA | 24D |A23 4

cotyledone 2 2 X&] callus3 s} A2

1 2.25 0.56 3} eyl viAATH

2 | 112 0.56 195} §A18 HEl 2 callus A

3 | 056 0.56 callus8do] #9) 2ty

4 | 056 1.12 3t fAL

5 2 1 UH- callus FASIT AEL3-&o] B
6 2 1 3} FA
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BAP/NAA, BAP/ABA, BAP/2,4-D T 28 ZFol|A o 15 Fo callusE &
Rom 485 Fo] AP A& o] FEHES UYL F AAH. olF =%
ocgRE fxd 4 AAdHoz RIHA Rite Ad wiIFs 71¥ FH
o] Qor QAgste] o]ERRE shootFAFL EVFEISIAH. ZEE XA
o} & shoot A AHAE X 17 2l f2d@ 2L wolo] E2Fo] gl
A= e F=7F =2y Imgll IAAZE 0] e MS iR =
1-25gke] Bel7t fFEHAch 28y} 100mg/L kanamacin ©] X3 ¥ ¥}
oAl Algte] AgE A3

2) ¥PH® : Petiolewr& ©]8 (Sarmento et al. (1992) Plant Cell, Tissue

and Organ Culture 31: 185-193)

Q0] ERE A2E5HE WWUT AdgrobacteriumT} co-culture = WH S wHY
O FYA 3T MS ZjEuRe A of 204 Ad 2o A 1E4, Al
2391 9] petioled explants® YHEo] FAF GG ALEStAT wiRS =45
HAAF WEL Ao WO YA 3T} petioled] - AE
3} WA oA YX callus BT FAlo] o] FE=HUL Y Kanamycino] X
g iAo AHAHQ) S-S HolR| m ZAWshdA] Foizkth =R A
Falgo] wolx M@z A¥S A3tk

3) ¥PH@ : Hypocotyltt-& o©]8 (Nishibayashi et al. (1996) Plant Cell
Reports 15 : 809-814)

ool FAE WY, FH AU, Asdel 3%, 2 Wotr|E ©&
STk MS 712 Wi ol 67 A& 20]¢] hypocotyl A3 23mmo) £
@ REg AgSA o ¥9E 4F3d $UE =N cotyledons] PH
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2 WA explant2 Al8-8}3 ). o] ¥ pEHA A FE Ao A ethylene A AS
A A3t7] sl Img/L AgNO;E AL&3}9t)t.  MS co-culture medium(Zeatin
2mg/L)o. 2 &AM S AdEielM 2-3UZ wiF ¥ A3} u) *|(kanamycin
100mg/L, cefotaxim 250mg/L, Zeatin 2mg/L)E2 7%ttt Hypocotyl2] 3}Hj
& B2oA] 3-45 Al wFstS-S& of, direct shoot7} FAE o FE
A= dom EHUT. Aol ABH AMNEL AWy oS tol
RNAE F&% & oS5F 22 ¥Ho & northern F4]-& $lrh Total RNAE

HT

loading buffere} 436] 65ColA] 7138} denaturationdt F total RNA 1045
formaldehyde agarose gelol] loading3a}ed 7] &3+ ¥ 10X SSC bufferoj] A
nylon membraneol] &7Z1th UV cross linkingol] ]3] RNAE filter?]ol] 243}
% hybridization2 3}l CBF, FAD, NPTII gene& probeZ 4o} 60°C ol A
hybridizationd 9t} Nylon membrane-& 3}5 %<t exposureA]l# EA3 A3}
= ohew 1w2).

W C51 C53C10 F2 F3 F5 Fck
; o )

a8 2. Adky 34 A8 2] Northern blot -4
W: g7, F: FAD 83 AgA], C: CBF 37 8]
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Northern #4]-2 CBF 29704}, FAD 467§ A& 7}A]31 NptO &+ 24zt /-3 AF
& probe= Ato} B4R ot FRAe] UHE SHAY F AUTh FEA=
AE oAl 37 98] RT-PCRE F#3lstdrt. 22§k 5 ug total RNAE
oligo dT % ¢HA} EAE o] 838 cDNAE @At o]5L templateE o]
838l Z}ZF CBF/FAD geneg& PCR{HE-E 31913} HYr). CBF FAAE
Z2x3l7] ¢8| forward primer 5'-d(AGAGGATCCAAACAGAGTACTCTGATC)
-3'(BamHI sitex= &), reverse primer 5-d(GGTGGAGCTCTGGAAACGACTATCG)
3" (Sacl siter WE)E o]88}1, FAD $AAZ =Zslry] 98 forward
primer 5'-d(AGAGGATCCTCAAGTTCTAATGGCG)-3' (BamHl site= Y&),
reverse primer 5'-d(GTGGAGCTCGATCGATCGTATTCAGAG)-3' (Sacl siter=
=Yg Z}7) AFE5led annealing & F 50CoA] HF PCRYNSES 5T
Northern blot A ollA] NPTH #3=te] W& HA XYW linesE ZH-E
2¥7} CBF/FAD geneS 31¢135}7199s] #2]3) total RNAE oligo dT AF83}<
cDNAE T34t 4% cDNAZHFE RT PCR WH-E #33 43 4+
o1y 33 gk

Pl AL CIODCSRCERFE FS FS Feb

718 3. RT PCRell 2§ CBF/FAD genco| &Rl CBF&
oF 700bpo]n] FADE 1.5kboliu} €Uste 91Xl
bandz} YjehA] ekt :
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4y WH@D : Yo] EFFE petioleS ©]-8 (Sarmento et al. 1992)

Lol F2 GlEYdnrhe FEFSIE FIZSAE A48 4. X8 4
735 hormone-free MS mediumel] X]2}3le] A e oA v gSHGc;. MS 7]
£ Ao A 10-15Y A 2ole] ARG A28 G2 petioled bladez =
@t §lo)l 133=E EoUA st FAAFE explantZ A3 TH
Co-culture 2-35 ¥ A £3} v]x](kanamycin 30mg/L, zeatin 2mg/L)oll 4] petiole
F2X-E] shoot”} FFHU2wH, ©] shootZ THA] kamamycin 100mg/L o] -
#H AR} m ol Al AwE shootE root MR E &4 HIAE F
wat et HEAL o] uHGH IR, AlZlo] AdFF AUAHUL
ARsE AAEA AANE ATE F AU

5) HH® : Caltus-R-=9} callus2] suspension cultureE ©]-8-3F 32 A3

MS 713 ujA|lA 3-49 AE Q0]9 AHE o]&3t] 2,4-D7} 2mg/ll ¥
el AN callus® FEAATH o BT F callusyt HEHI) Al
o, Aol vigstEA G callusWrg AREe] A REx 24-D7)
Img/Le} 2mg/L7F Ei0= A vl X|el] W] suspension culture® 319 vH L
Y4). Suspension cultureoll 4] Z}¢ embryogenic callus® &2 7}X] hormonel.
2 #dlE A wi Ao HESE ARE A A T AFS-E hormone A2
zeatin (2mg/L, 4mg/L, 6mg/L, 8mg/L), BAP:NAA(S:1 #M), BAP (5 uM/L, 10 u
M/L)YE 242} AF&3QI HERTE MS 72 9)X 8 AM8-5t9) wwsiact o
ZTE AT MS 7|12 uwiA|e|AE  chlorophyllo] FAEE A grew,
hormone®] ¥ wlX| oA 9] callusell X chlorophylle] A= Ao} 27014
o} AK7|Zol%x shoot7} FAHE A o) FAHE o] 8&381A X
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8| 5. embryogenic calluse] =j¥&3}

6) ¥H® : BFH A& X3} hypocotylS ©]§

Aol aFE Eol7] s A= Ebinary vector systemS 7} dgch X
742 A8 Kanamycind$¥A]E 717 pBII21:FAD vector?]sl] Hygromycin
ALEAE 7H pCAMBIAISO:FADE ZAdte] £ A3 Agstgrh
Hygromycin 4142 Nontransgenic escape EH&S Foli A £
2ol £go] @ Qo2 AmHo A A Atk T vectorR T 479
22 WHo 2 Agrobacterium Wil E dtd A AL £P3Pct. MS
712 WA A 3-40 AHF 2o]9 hypocotyl AFE- 2-3mmo] 9X|g BEL AL
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§33ATE o] F-9l= cotyledon®] YR-ETHE F7]3l hypocotyl®] g% 2-3mm
F9E Erin ddsty FAAf ol&3Hgy. F= wYd MS
co-culture mediumS. 2 &AM F FeElolA 2-347r wiF F AEI} wiA
(hygromycin 20mg/L, cefotaxim 250mg/L, Zeatin 2mg/L)E &AF U R =
38 S AFAUE FAANA Agrobacteriumo] HEZHCE FPAA F 3l
5§ F o] AA2olA oF 1AERY FERu SR

Hypocotyl-& HAXE ANUFE 1Y F= AU A7FH F-9olA shoot7}
=5 A} pBII21 vector® AM8-3 739 kanamycinl00mg/L AHg-3lo] A%
A E A3} $1.2 1) Nontransgenic control & A] 2] 3}%])o] shooto] ol Fo=
kanamycin A& FA|7} e AoE AlgErh Kanamycing] FEE =Y
74-9- (200 mg/L) WI7H 43 shoot7} AAE o] A AEAMNE AHA K &}
2t} pCAMBIA1380 : FAD vectorS A3+ -9 hygromycin 50mg/Lo 2
el o) dobd explantZt gl ol A Aol #Ego] VR & A
o2 AlREHe] O FHE Omg/LR o] Ayt

Hygromycin 40mg/Lol M= A&s}&o] wola] Aol d48 ol B35
ot FEYg F AR wiAZ vlg2 &AF 49 hygromycing 10mg/Lo 2
wFolx shootr} A=A Bdtar m5 Fojx AEst 33 F<T hygromycin
ol = AE3 afR]eA vl t Shoot7} A=W blade®2 shootE &
@3} hygromycin 20mg/L7} E°ifle AL} WiAZ &4 FoH, grF
NAA 1mg/L7} S0}8)E root induction WiR]| 2 &5t} Kanamycingd Al§-
ot AEBHE shoote] EFi A|7]7t Zpolrl 2127, hygromycing AL
g A+ 52 4 AT 5 o] FAAEH Ade] F =g, shoote]
WoFE o7k WAAHOIL, root HE MIAGIN Ba) FAo] m=For, o=
AX 2F o] F Aol HFHA AWUSIHA Fozith
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8 6. hypocotyl22E] A shoot

) RO BBH FAE &

2014AE AASF A 2 T Bl IA A F AFIA w9 3F
¢ WFsAT HAE AAz A9 s dodlo] Foldle g9
ARG 9o vtsE FHE FAh Agrobacteriuma} F-ZujF - cefotaxim
BoE2EE AL wAd $AFAH, oF 1FYo] AUE A RN
shoot7} F=ATE 125352 A& mjgg F shoot7} A= A
shootit-g M@&ted hygromycino] 20mg/L ¥3d WAz £AFA. 28y

hygromycin o] E3HE WAolA Alzko] AGFE AR Foizkh,

a8 7. AAH 2o A shoot =
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8) W@ A4 2ds Y

MS 71& ux]|e A 2-3Y A 2o]& AHFS Evt AAs}T AFH FH
of 248 Fdste TN A B FAHE FAAL FYUs AASA
9 YTh Agrobacterium-& WU A2mL 3FEFQE 8] F 20mLolA oAl ul 3}
o Agrobacterium®] ¥-& F7IAA FHUH 99 wHAE TG F
hygromycin gl wiAlelA]l of 157A7F wigstd g A F-9olA
shoot7} HAH ATt shoot?tg wz HAl7]x] &3 o] WG U2
hygromycin 20mg/Lo] E3HE &3} wA] oA sttt 18y co-culture
o) & Agrobacterium MA7} YEUTL 24 HErt AsiM & WHE M=
34T

2| 8. 2FEE AAT Bl shoot %=

9) W ® :A}g-& o]f (Tabei et al (1998) Plant Cell Reports)

o] Hiyd] ALEE FEFL &4 Wuurier Aol FAE o8,
pCAMBIA 1380:Ubiquitin:fad73}, pBII21:CBFE EAle] AM£3}c; 7189 W
M gy Qo] FxE AAE AAZI bladem WE] FEFH A9 139
BEo QAT Yrix] RES 5U3 WPHOE 453 F, BA/ABA(2mg/L:1mg/L)
o] £gE MS u|X|d X8ty 39 F Agrobacterium3} co-cultures} AT}
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Agrobacteriume 3252 vkt F Q418 2]3}s] acetosyringoneo] EFE
MS QA wfx]o A 1AIZE FRF TFA] HRYF co-cultuersh=H] o] -8-3tHTh of
2A1ZF Bt co-cultured S}3l, co-culture BjR]of filter paperE Zx 1 $)9)
Ro] AH-S 28 ¥} Agrobacteriumo] BHE ZP=E 3P} co-culturer}
£YR Agrobacterumo] WA AP A AP Jmx 20] AWLG
HUg 42 d w2 517] 9slA washing GAE gaFdt. 73
co-culture ©F A7 THE WA SAFASUY ALHEL o7 9
A saEw TPE AR W6 $ATUT 2357 AW YR shoot
7 FEERoe, o) fad7L&  hygromycin 10mg/Lo], CBF+ Kanamycin
25mg/Lo] EZHE MiAZ FAFAT JA e shootr} FEE dEiolH
we)yl @A HEEA Qb G Qe AR $A4 Rel§ FEsT
o vt FEHE A FEE wOM FARBAS ALY Aotk
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(1998) Transgenic cucumber plants harboring a rice chitinase gene exhibit

enhanced resistance to gray mold (Bomytis cinerea) Plant Cell Reports 17,
159-164

A 27  Arabidopsis FAD7 3RS I} wdsl+—=
YRAY W 54

B ATE 235 AT7AY f3 F 20]9 FAAS] WS oldE A
A BRSAL oo wWH AHAAN Sole] FAAE ATE ALHoE
ATEAT, FADT A4S @9 FIAEY ol =Yt AL &
e BASY) A BE Fuoz ATs HAdE o FAUE AHe
e FHR FAY A7ANE RugUch

tlo

1. A& gl Wy

7}. pCAMBIA1380:Ubiquitin promoter: FAD7 W E] X3}

ulE] pCAMBIA13802 CAMBIA AlE](Australia)of| A] 3o, o] 9 e

T

= T- DNA 399 hygromycin A &A F2AAE 71X 12™, Ecoli2 3
AAg F Agdr] $9% Kanamycin YA HFAAE BRIz Aok
Arabidopsis 72 FAD7-2 8] Ichdd AlZd promotere 2] A ZFA]
F2 X]—%-QE maize ubiquitin promoterE ARE-3}H 2w, o] Ubiquitin
promotery X 3F <AXF wpdoemRe] B W2 pGAl6l1 vectorel A

=354} = pGA1611 vectorE BamHI1/Sacle® AWste] A& 1.9 kb
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ubiquitin promoterE W] 3} T} pBluscripto]] A=(pSK-FAD7) FAD7 2=}
E T7 2 RP(BstEIl site’} U+ reverse primer)S ©]8£3t] PCR AAEL o

o]E tlA] Sacl/BstEIIE Hersle] 1.9 kbe] FAD7-E FTHIFIHTE o]& A

AN R

H] Ubiquitin promoter 2 FAD7 @HELS BamHI/BStEIIZ A €

T

pCAMBIAI13802.%  double ligation®}H o 2 ligation 3} pCAMBIA1380:

Ubiquitin promoter:FAD7 cassetteE A =387 ¢

). pCAMBIA1380:Ubiquitin promoter:FAD7 W E]¢] AgrobacteriumS. 2 33
S

pCAMBIA1380:Ubiquitin promoter:FAD7-8& Agrobacterium strain LBA44040] 2

freeze and thaw ¥H o 2 &2 % 3-8}

o W EARNE ATE =

218 (Oryza sativa)9] callus7} Agrobacteriums o433+ v @A 5o o] &
HRAt. WA ¢ TANE AEste] AAA ¥R fold] FHE A
AR L, 70% AELol 10mLo] oF 30% B¢ FW AT 3% EFFE
Z o] & oS of 508 F2F 10mLe] 2% NaOClel S083F XA A 4
e} o]l% WHFEHFS 30mLE o 3-43 HbESA] A Hs|FAT) o] FAF
= 2,4-dichlorophenoxyacetic acid (2,4-D)7} 2mg/L. g8 AE2 FE vz
(@N6)oll )73t Aol M wiFE AT WY F 34571 A wEAte
Hinto 2 3e AF27F FEHAC o)RA wMigte 2R fxE AFEE
A sste] w52} F2RME A1717] HE AFo] 12mm]l T 2FY] &7
Q= AFEAYE WIS 2o wiAR Al s d3te] 3-49 Lt G EIC
A AF2E BASIAZ -
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2}, Agrobacterium V7N ol 218t v A ARG

pCAMBIAI380E& 7MAD U&= A mmefaciens LBA4404Z 5 pg/mL
kanamycin¥} 20 4 g/mL hygromycin©] 38 YEP WX oA 3-FZ<F ujoks})
o %7 600mMellA OD 2.0 Axe] gxz ZFHd¥ct 737 =ugw
3000rppme 2 108 Bt LAEE AA AEde wvEn Age
acetosyringome©] -2 5mLe] AA-AS X2 Ity FFE petri-dishol]
Agrobacteriumo] EJE 98] AA-AS WX & F:u)sla, 3-48 Z9F SF wjekA)
7 BAgstE WE2E o] WX A oF 3087 FRujF ATk Fzufo]
ey AR ¥ Folle o3 AgrobacteriumS Z0]7] &) WEH
AA}Llel AEAE FAA EZE W F gt gEAgE Y4
acetosyringone->> RFEA] FHrlEojof & AHolu & ImLe AA-AS HIX|E X3}
N GEE A2 AEUE 2NG-AS MR E FZ s A2 o]
o elell A 2-3U3F ul LFHeH28C).

i

ol HAAG AFS A% R A B3

.

2-3U7F TS A71H BFE2 BHN dgrobacteriumIb oy LA Apakol e
g ol& AA37] 8] 30mLe] cefotaxime water(250mg/L)7} ©A e Abzt
SehnE) BEEE FAA 3430 dX EFo] FAA AFA UL A
olFuch o] FAFA i) el B Agrobacteriume R AA 1}
o AAEY. o] BREAF Hid JIAYE2 &4 EVE AASn A=A
& Al 2N6-CHM| R 2 AFAE AFXE 2 goma &4 o4
Bfell A wjkatRAeh. 25 8 28] = A2 2N6-CH w2 £ 71w A
B0 Y AF2E MDAl o] Al7lel FA AFH ANSe G
A BFshdA dohir] 2Rx g AEL guse A Yok Awn
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ofx AolFe AMEXE F Mol BEDS dwoldle] A EFuA|Q
MS-BN wix&2 &AAN E3ggoz Eoizity. of 254 AN A vjA=Z
SAFH, G F of G Foe =220 AAEY 2ol OF I
th o] ol Ax R ¥je] BAjo] Bol¥ 1 AFREE wolulo]
MS-RTH| A2 &AHX BEE FTAIZACE oF 15He] AYd a7t }33
A F==EE ZF AE YA FES vermiculiteE 1112 Ee BEYS F
2 ¥ EJ o]a3ly 1FUAR A F o) o]H3H

E 1. §2dgo) o] &F viA =4

Medium Composition

YEP 10g/L Bacto - peptone, 10g/L. Bacto - yeast extract, 5g/l. NaCl, 15g/L
Bacto - agar.

2N6-basal N6 salts and vitamins, 5mg/l. Fe;EDTA, 300mg/L casein enzymatic
hydrolysate, 500mg/L.  proline, 500mg/L. glutamin, 30g/L sucrose, 2mg/L
2,4-D, 2.8g/l. phytagel, pH 5.8.

2N6-AS 2N6-basal medium(except sucrose) with 10g/L glucose and add
acetosyringone (100 M) after autociaving, 2.8g/L phytagel, pH 5.2.

2N6-C Autoclaved 2N6 basal medium with 250mg/L. cefotaxime, 2.8g/L. phytagel,
pH 5.2.

2N6-CH Autoclaved 2N6 basal medium with 40mg/L. hygromycin and 250mg/L
cefotaxime, 2.8g/L phytagel, pH 5.2

Shoot 1 MS salts & vitamins, 2g/L. casamino acid, 20g/L. sorbitol, 30g/L sucrose,
induction 2mg/l. BAP, 1mg/LL NAA, 40mg/l. hygromycin, 250mg/L cefotaxime,
2.8g/L. phytagel, pH 5.8.

Root MS salts & vitamins, 2g/L. casamino acid, 30g/L sorbitol, 30g/L sucrose,
induction 2.8g/L. phytagel, pH 5.8.

AA AA macroelements, N6 microelements & vitamins, Smg/L. F&;EDTA, 1mg/L
2,4-D, 20g/l. medium  sucrose, pH 5.8.

AA-AS AA medium containing 100 ¢ M acetosyringone.
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vl P A FA o] DNA FE3} Southern blot 4]

Hygromycin el x|ollA] 2 E3l=o] 24oA] Aulg T, Adle] A &
g AA F AR WETE A 259 Yo 2HE Al DNAS
2]t ¥ southern £41& $3138}5 ). Phenol/chloroform HFH-& o]&, Al
NAE HEEsled 1 F 542 33}l digestion buffer7} Algd] 2 A8lEX
F 4T 241 A= wiFd 5 A 84 Sstl1 o2 ADstE F W
AAA A5 ddstt. AGE As DNAE 1X TBEO|A 0.8% agarose
gel & F3 E2iA7A DNAYE dad 2& #R13}i nylon membraned] o]
A7) F UVecrosslinkerZ AR o RA #ula nylon membrane& °F 3
A1Zt 5]t hybridization buffero] X 3}E w8 3l o} 7| A2 fad7 genes
probeZ A}-8-8}a} random primer ¥} o & PP-dCTPE H X3} 35 W EoF

e

=]

il

Hjeksl S 2X SSC9 0.1X SSCE A& 2 A}8-35l4 membrane A3 513

0]Z phosphoimaging analyzer® 523}l t}.

A}, A XA 2] northern blot 4]

A DNAE 2% W} 5UT AT 4 A Azo] Holr) FA W
¥ TRi reagent ImL3 A& 0.1g& ET3IA A2oA oF 5¥3F whx)

flo

rt

Z 13,500pmeZ 10837 9aEe] A|H 4SS 02mLe] chloroform®}
T35t golA 10837 HAF & A4EE St o] ¥ SARETS
A2g Fuol $7 0.5mLe] isopropanols} 3 41 F FLolA 1087k WA
1 oAl JAAEEE St FAE "L diethyl pyrocarbonate-treated water
ol %ol A RNAZ ZuIstgth o % 15xge] @A RNAZ Hstod olet
L2 IAAAZl F 6.5% formaldehyde2} 505 formamide’} F-FF 10 xXMops &
zon Egeldl s0CelM 3B WANZY. @Ad® ARE 1w
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formaldehyde”} ¥ 3E 1 xMops EFo] &3 A7Z|FFE FAENA 0.8%
formaldehyde agarose geld T3} A RNAE #2AIZ Tl 25mM sodium
phosphate® % Woll Ax AL AHI F 2AMT AFE ol&3F WYHo=
A RNAZ nylon membraneo]] Zo)A]#H UV-crosslinker® ILZAIZTH
Southern hybridization ¥ #} EL8LA fad7 gened probeE ARE-3}4] random
primer o5 PPACTP HAE] s % B9 wFP e 2X SsSC9}
0.1X SSC= gz A83le] membraned A& ST ©]E phosphoimaging

analyzer= }-438}sich

o}, Hygromycin A& &4

Torlthel FRAAEA Y vectorsol] EIe FAA AFA FAA7E A=
2 EAEAEA dotry] M FAASA TASH 2Tl 4E dF
279 discE §rEUrE Z AE B9 discE S/ do] 100mg/L
Hygromycin ©] X.ghgl 8o 15U AR A A

AL APRE zre N FY fad7 @ FERE =HE Z7F FEE
oA 48g Tt Mg FAA Aol FFo Fdl ol ReuHlE ol
7] s)sll dlzpe FRAAPA 77 A5 ARsAch FAL] FAE AAT
F gers 423 o AgsiRd W LA 70% deEE3 2%
NaOCl2 ¥9 A#stgct o] ¥ 50mg/L hygromycino] & 1/3 MS ujX|
oA ®W AT FAS XN Sgov], o AFATA wFst] S ol
S3E ARSI A FA A Fxpe] EEHE AHETH
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b AR 24 B

A7 fad7 FHA A FH AR vl Aupit Aol WHEHI
A& dotrth At 24 E4& f8M ToMde] 2z Alge 8 $1&
Fated 50CAA 72-96A12H50 AEAIZ F ELr|2 golA weuE EN
ot} 2+ AlEe] Qe #H9Y 0.5g& acetic acid’} $Hf-E vl€r-&37} chloroform
o2 A A F FEEL WE BEIAT R o] &4E oHfAA
A] 10mL Chloroformo 2 ®Z]A1Z] F AWEE Na:SOl AFJAIAAN E&
A AANZ F Chloroform FY¥FE F£A5le FAZY. S4E ARE U
gate]l EEE WELSE 5 AP ofs MAAA AHFE AH gas
chromatographyol} ] =it =4 44 stk AWt FE2339 A

Ab B2 913} gas chromatography 2] Z7-& o2 #3313 2}

H 2. To Alare A4k B4 23} Fraction scheme

Sample(0.5g leaf powder-fresh leaf)
| 0.15M acetic acid(ImL), CHCly: MeOH (1:2 v/v. 7.5mL)
Overnight

Filtered

Chloroform extration (CHCls: Water 5/5mlL)

I

Extracted(Na;S04)

Evaporation(dissolved in dry methanol containing 2.5% sulfuric aicd)

G.C Analysis
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H 3. A4t #4919 gas chromatographye] =71

1. column : Rtx-l, 30m X 0.25mm
2. Temp. (injector) : 225, Temp (detector) : 275C

3. Temp. program : 145C (1 min.), 145—260-—> (5C/min.), 2607 (12 min.), 160—
170C (2C/min.), 170C (90 min.), 170 —260°C (12 min.)

4. instrument : GC-17B, shimadzu detector : FID

7). A& €] 9} Malondialdehyde(MDA) =73

Pz7sh FAABAE A Aelsted MDAZ 2Tk 4Eo| e
&EFo] AEHXE o BX3 Aile] sikslEo] MDAR Hus =
W MDA %ol E&42 Aed PEAL Jehich WA ¥AWRBAL
SOmg/L hygromycino] ¥ el wiAel, iETE EREA e WAl A2
Higkste] oF 8 F TER £A AUTE 24 87} 349710 Hus o
XE A ME 29 T ST =S3AHT 4 AT ¥ 945 12420
t} 0.1g¥ 3t -80ColM R#AS] MDA FE38tr] Hs] F¥ls-
0.5%TBA®} 20% TCA &3 & FHIT B & wol &AM F 4
pelath AFAwE Aste] 1000 2587 B F ices] Wol A%
= oAl A4 BEgn o] AT H-E FBl] spectrophotometer=  440nm,
532nm, 600nmof| X Z+z; FREE FAH -

E}. Jasmonic acid H4]

T A e FAAEA ) d2+E 7HAL JASE F&317] fslA 2 429
Qe 1g¥ HolA AAALE FolFHA U E

AL w JAY} FEEHoE ¥ US AAFA ¥ AFH, ¥ ¥E Smm X
Aoz Hasta FHE £ F 0.5% glucose & 24X]3F F<F JA A
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AL B3ty JA FEFE FZsAE A vvue oMHEF} S0mM citric
acid (70:30V/V)2] Ao g =HoFQr), 28] Dihydro-JAE internal standard
2 o]g3tgct AUexdXA 3FFE RS organic solventE FEA]7]
T3 Jolds 298 diethyl ether® 7mLA A ¥ wkEsle] FE3HT.  °]
=Z5 8 360mg solbent aminopropylo] $-% solid-phase extraction cartridge
o] loading3}3l, ©] cartridgex= trichloromethane:2-propanol2] solevent mixture
10mL7}A 3 ReldE ¥ AFEoglE  JASH standarde= 10mL  diethyl
other:acetic acid(98:2,V/V)& 7} elutionA]3]t}. o] &4-& GC-MSZ &4

a3t

s}, OsPR1b &7AAE ©]-8-3F Northern £

OsPRIb GAAS probex 4}o} Northern EA-& 317 HsiA] =7,
vectorghg- ©] 15}t transgenic control, 18] A AF F103} F12 linevh&
Adstl APHAG. 2 AES WAL smm BFHos AR F, 2443
zol 0.5% glucoseol] HAA|A RNAEZS Ealslqich Northern W2 919 &
d&}A A3k

e

3l oAt o] AL

TAHE 2% FYL AN 2 st TFez ol4F F LA
g Faatdth. TyHMAA fad? 2271 dEE o] FFHA A5
A gobis] A5 FHEAE SHROF, FAABAS leaf disc 100me/L
hygromycine] ¥38 g9 X AA d4 FAAE AEssch

tlo
o
2
r
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2. A4 7}

7}. pCAMBIA1380:Ubiquitin promoter: FAD7 ¥ E] =%}

pCAMBIA1380:Ubiquitin promoter: FAD7 WE] Z3Z2 o8 P Lol
&9l pCAMBIA1380:Ubiquitin  promoter:FAD7 vector cassette?} Agrobacterium
LBA44040 2 87 HAE= ot

Sacl g
T3 FAD7
BamHI \
Sacl
. RP
T7
pSK~FAD7

pGA1611

PCR {T7~RP}
Sacl/BstEII digestion

BamHMI/Sacl digestion

BamH! [————— Sacl Sacl [—————=——|BstEll
Ubiquitin promoter FAD7?

Double Hgation into pCAMBIA1380

pCAMBIA:
Ubi:FAD?

T2} 1. pCAMBIAI1380:Ubiquitin promoter:FAD7 vector cassette®] Az} R A%
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Lk, Agrobacterium W7\ o@ ¥ FAAG

AW Fabe] wivto R RE YEAE K57 8] 2N6 7R u] A o)A
3-45°3F vieFsle] thepe] BRI f7) HAUTh vl WAL FEY F 9
= AeE FHHe AF2NS 4AE3e o) WAB|A Agrobacteriumek
co-cultures}e] vt wRR]E KR ch A wlA]Q) 2N6-CH HlA) A oF 43 F
b HiFstRl AL EEIIUA dobds @Rsel wio) gamo] @3lo] of
H AEELS ddshds g8e fd9on vliduls A Aste A7)
HFEHNG. EEE AlEste AF2E Awsio gGRs) iz &4 o 2-3

7t BAEEA HA A3 do] FEHAUTE o] uf 3hte]

e MAEL 2 lineez HFdPow, shie 2
HE lineo s AAsATt o] F Wy} FEH 7] A)zs}
A ZE#o] flE MSRT wix&2 &A Fo] of 1Yol Aty Me)r) oha

g 7 AU o) F 197} line g Awdle] AYRAHNA =35 7
e AH TR ol FXE A& 5 AU

=

J}ﬂﬁ l~>

38 2. £F4) e UERTe A8
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Th & A 2] southern blot #4

Arabidopsis®] FAD FZAE A A7 774AE HEsle o]lE A9
total DNAZ Rg]s}dth. 223}t total DNA 54g8 Sst] 0.2 AWdli 0.8%
agarose geldllA] A 7|95 3] nylon membraneo] transferdltl. UV cross
linkingol] 2]38] DNAE filter$]ol] 2%+ £ hybridizationg 433} v}. FAD
gene-g probe® 4to} 60°Coll A hybridizationd}$3. 2™ nylon membrane 6
Sof exposurer] A BAE AvE thg 33 2k

P FZo] FAATAHNAE DNA W=7t JelR] ggron, JARG
A BEolixlE DNA ¥Wi=zl e ol EE FFAAFAZ 7o
fad7€ 71A 3 UY&L & 5 9o, FI0 lined 372 wi=r} vehd fad7
Az7E Sy 38 AFHAJSE & F A¥S+

W Fl1 F2 F3 F4 FI10 Fi12 FI3

a8 3. Mgy 32 A8Ae] Southern blot 2]
W: =7, FI-F13: 3223
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2. ¥ A 3A) 2] Northern blot ¥4

Arabidopsis®] FAD RAAE Fd AN 7MAE sl ol Ae
total RNAE Tri reagent “W'H(Sigma)S o|&-3 2]3}ck 2§ Total
RNA 10yg& loading buffers} 43o] formaldehyde agarose gelo)] 719 %319
r}. 10X SSC bufferel 4] nylon membrane® & RNAS &71% UV cross
linkingol] 2]3] RNAE filterfJo] L3332  FAD geneg probe® 4to} 60T
ol 4}  hybridization5}$3t}. nylon membrane-& 3}F% Q) exposureA]H B3k
At thE# Ztd Northern blot £4 Ay gizyols offd WMEr)
EltbA] ¢rol Southern blot ¥4 A7l UAslgon, HAHAFH mFo
A W=7F JeRY RNAYE 28 E|] & 5 Ao

W F1 F2 F3 F4 F10 FI12 F13

et

fad7—

F13 F12 F10 F4 F3 F2 F1 W

rRNA

gl 4. e 83 A%EA] Northemn blot B4
W: tiz=, FI-F13: 32235k
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v} Hygromycin %34 &4

77) line®) FAAEAL HET ToAMhS 7HAL Hygromyein A%74d 4
e 3yt B E FAATA lines) NS 50mg/L hygromycin & o] 13U+
AA ANRE W dzFoe 28 obyd A Wyt vehdA etk 2y
hygromycinol]l ZH=4<Q) ET9 ¢ discol e AHAIFAA gEorte A
S BTk o3 Hog Hol BRE HAXFH Bt hygromycin AT 7

ARE 7ML gle Ros AlsET

Water hygromycin

Fl1

F2

F3

F4

F10

F12

F13

18] 5. Hygromycin 34 #4
Water : sterile water, Hygromycin : 100mg /L hygromycin solution.
W: tiZF, FI-F13: F2A8A
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vl T FAke] 48 H3

N7 fad7 AT Tr Athe] A EAAAM FAFA FA==A dol
B7] $siA] BEUIE ZABIES 770 linee] FAAEA T, linee] EAE
50mg/L. hygromycin®] E{E 173 MS #jx]oA] welrlzl & ¢F 10o] =y
W AP e AR 4SS AN, hygromycine]] A9 F2p
= ol kAN QAo Z ek Bakdcl FI3 lined wiwe] Rajulg
of g 3:12] EHE RPoy o linedlMe Be Aol RS g
3 line F1, F2, F10o| A& &ulole @Ato] vlElgt).

H 4 T Ad e v&

Total seed Resistant Susceptible x*“value(3:1)
Fl 20 13 7 1.1
F2 20 11 9 4.3
F3 20 12 8 24
F4 20 11 9 4.3
F10 20 12 8 24
F12 20 14 6 0.3
F13 20 15 5 0

Al BAAEA ] A 4

Tle] BARBA L TS FFAT AA AL BHS Sk AW
B RMe A W NEY AR Gave 2 T PRV AP =
4% 1839 nlgo] IZRFHC VA UEton, 1829] Hlgol © &4 Y
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E S5 T Ade dA A" A =4

C16:0 16:1 C18:0 C18:1 C18:2 C18:3 C20:0
NT 30.6 3.60 3.69 226 5.61 53.7 0.57
F1 37.0 4.01 4.60 3.51 6.12 44.0 0.74
F2 354 3.56 4.87 3.63 7.04 448 0.76
F3 29.7 3.06 3.72 3.58 7.11 52.0 0.55
F4 30.5 2.92 4.28 2.89 5.20 534 0.81
Fi0 31.1 3.31 3.41 3.36 11.6 46.5 0.65
F12 36.7 4.24 4.48 1.86 8.94 42.9 0.90
F13 349 3.46 3.68 4.05 8.54 44.1 1.40

o W& 2]} MDA £

)z} dlined] FARAPWE 7R AL A5t MDA ¥§3-& #4313
th 5TolA 48X Bt AL XA A3t =79 FHHEE B9 ol &
3] A EALE o8 AL AE#HA Aol HERTe FAAITE Wyt fA}

A B@ov) A& He® 2T MDARHR] FAARE we} ST

T 10
@
© 100
g L —~—NT
z @ i
£ L —FD
2 9
‘2 40 + ——F12
5
s o
(&)
g O 1 L L L
b3 0(28°C) 12(5%0) 24{(5) 36T 48(20°C)

Tirre of treatment (hours)

12| 6. Malondialdehyde (MDA) 3 ¥4
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=A UEsTE olZ1gd fad7s& @@AAZ A A@® 8 FolA F1F FLO
line - Thaa7-9} ¥]gS o MDA ol 4g3s] B Ao E Hol AL A
gAol 93-S & 4 AU, F2¢} FI2 line& TR} o7 WA vl

2}, Jasmonic acid 2]

@ -Linolenic acid¥= jasmonic acide] ZFA|o]m )& Axo] 2ol8) §x=
= #dAE 45 Al 2FEe AE AF 2F8ACt TAUY
AAEA G} 2T A& FHE F A FXE A e HE 2
o JA e SAHUTE FAE FA FL AAME dzTe JA §
FHU FEAAEE Wl JA FFol BT A vEidth a2 2423 F<t

dAE & F dE2Te JAR EE TUISHRAIN F29F FI2 lineo]A] @A) 3]
F7HEE & 4 AATE 28 F linedlAE JA gao] At

off &

@
S
g‘é
5
S
<
NT F1 F2 F10 Fi2
Lines

gl 7. Woundingol] 2]§}t Jasmonic acid €3F
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Z}. PR1b 3 A X2 ©]8-3F Northern £

PR 72} pathogenesis-related(PR) proteing $+35 8}, pathogen2] AJ-S-3},
multiplication 72|51 spreadE& RA|sdle=d] Fosi;. PR §xE ohokst
biotic/abiotic =X |20l 9]s] WA 53], PRIb §F X} jasmonic acid,
abscisic acid, salicylic acid, ZL2]31 kinetino] 2]3] 2do] STl w4
dsPRla(rice acidic PR1), PRIb(rice basic PR)7} cloning ¥lom, B 213 o))

w fad7 FAALE LAAR FHARANE AAE FASH JA FeFo] A1

tlo

25 Ao, F7hE Jadl siA PRIb fRAL H@FER St
__%_

PARSE

il

&

|

i

A 92 AEL PRIb 327 SEHAA] FRSE I5 AN
, WHE F F 24X AEL PRIb AV BEHAT glzTRG

ARAEAR] F13oA d@de] S8 &4 5 AUk

K
i

{

ofh

W Te¢ FI0 Fl2 W Te F12 F13

3| 8. OsPRILE ©]-83%) Northern ¥4
W t)Z&T~ Tc: transgenic control, F12,F13: & & 43

- 121 -



7} TaAllth o] FaFzAb

EFA FEHF 7 line?] TAY] F#2A} Aie ohE #49F 2o
Hygromycin A& £4-& F3t] sto|zmlo)dl AFA/A} A4 A
Ag 23Rk T. 3 A@A e 5 AL A3 F3, F10, FI2& AT
$4 ¥dE 7H B9 oldgr €4 ¥AE AR e null mutnat®] B
Ho Az HAe® Holn, Fxo] FAl= F3& AL 4 ¥4 Wt
A4 ¥dE VP vEt Az 93 AEAF dE EY A= o
BT

7} line?] AMES Z2Fo)H EAELS o, AANEFS AT FTAF
ot} Hygromycin &4 &4 B3 944 FA=Z el Nullsegregant 52
Tl 2% 9 olafFex HAAEA B} 7|7 Fa, FF ot A,
T, 2 H&Ae] =% AL A F4HF] null segregant BT} ZJF Zo
2 Roln IR EdAAE vEET (B 4.

F 4. TiAtHe] AL T2 F4H4F5

Independent - Average Average number Average grain
Transgenic Height (cm) of panicles/plant Yield (g/plant)

lines Transgenic  Null Transgenic  Null Transgenic  Null
Tl 96.0t11.0 1060t 26 140+32 200x3.2 352+184 504+17.1
T2 930+ 65 9.0+ 55 165138 232+56 385+£194 464+ 56
T3 820+230 970+80 23173 167+ 6.0 391+144 3541252
T4 91.0x£11.0 970x11.0 10.1x43 265+7.2 149+144 270x127
T10 980+ 54 990+55 245472 246132 356+119 393+ 5.1
Ti2 980+ 7.0 101.0x59 17.0x95 18.7:+5.0 390+243 463+218
Ti3 860+ 93 101.0+3.6 208+%59 190+ 6.9 144+ 68 2761277
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HMb& =20]|9 M=uid HWIMUY JHYEo

—

A1 A A

B AFGA o AE 08t EFortd g ALUWAAE Hrlele WY
At o)H 3 =& e ol FEAE HEo] A2 o

3 =3}= mechanismE ol str] YA oln, At 213
mechanisme] Tt = molecular biologistE e 2% FAXDET-L IA oy
& o] old Rez AZtET) wjioltk 53 & AFIENA A=t He
AR e FHT & 9] ScienceX|o] A8 Michigan State University?] Thomashow

f
i)
2
ol
rO
b
tlo
-

groupel] 281 A-2WAH-E SR BIARNGH ArabidopsisE& TR Ro|
CHArabidopsis CBFI overexpression inducees COR genes and enhances freezing
tolerence). Thomashow group® =FollA A& 3k ulxlg, o}& 7R A& 1
23 AeWAL FEAIZ A$E Birt 9 b glog goegE ¥x g
Fajo) HeWA-S BE3s ZEe] E8E FoeE JigiEnh

B AR e 1 2t o] ® FFsute] ZAA 2 tiEk AdAtol
2 FAFHoz d7s 23 o H 7ixY F2F A3 mechanism:=
BASACE Ll ule} o] EFFHRS ALER] o] FAA M AlY] o

o8 AMgED glow o olFEAE HWaE WE WiAdE AYx v o
F-olthLee, 1994). 18j v} FFsuto] AJoiyoer e FHLESL] 4TH
2o x4 Algo] 71 ASItE A}4l(Tachibana, 1987) 2.0]¢] 3¢l 20T

= A 2ol HridEth 53] Qo] AAFERANAE SH2E 15T
Hzo] =yl el BiAde] AL FAEHA Fe te AHE AAFAH (2
g 1). oL 20l EAAQMA TALEY FaAe] 53 Zx=Ee wiF
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e
(5]

Net photosynthesis
3

10 5 10 20 a0 1000 1500 200

Light Intensity (u mol m™2s™")

8 1. 2Re&E7 20199 FA nXe I Lolv zAFe 2dR
ToA] 847 ASFE portable Photosynthesis Measurement System
(LI-COR 6400, USA)e. 8 o«ujrlA|e] sfxer) =33} saturation
kinetics & H#H3}H-E.

o
o

| He RAog. EFFute] TAUAL 53] Adrte FL ALICIM=
FE 9 7rdRE & F4817] wFolr (Masuda and Gomi, 1982), 34
Z(Masuda and Gomi, 1984), ¥elox F& AA4o] H¥E cytokinin(Tachibana,
1988), RNA%S(kanda et al, 1994) To. = Mwgch e} B AP HA
E EF3de] 2@ ALIAME g0l FF7t F olFolAH F3| ¥
7 9dte] H-ATPases] @740] Zrhgtia olv] Rmd ¥l ITHChoi et
al., 1995).

ol#|3 A2 YA F& ZrAdE& Bol3tA WY £ de e Fde
535 B A7RoA] £33 EASEFL] Ay, AHTE HES UFLe=E
A F7HE WEol dtke WHolA F8F 99g Add. a3y 4E9

—t

- 124 -



e, AE, F31% B T o= §riA] @A4Ete] A wFEsA €k
tkar AZE7dl= oEE FHo] @k o E EW photosystemIl £ photo-
chemical efficiency”} A]-2-9 2Js|A] 9G31A ¥Hdte ASE LdHA UA
gk Al Eo] ofF RhgE&E, HEIY] AWl AE Fo wE WS UF=E
o] Fo] Fo g I3t dH|Ael e AFAE HEhiA ge

A B AFME Fuda de  dEe e A= 1A
germplasm-g ]85l Ao HFF UREE or] shx] AL wge 2
AAps e, 2olo dEog AMRHI e FFTEure] A2ude] A
Al @& Qo] wwsuR o2 71A] AP A=A Ar|AU=
7Fsgk olF wid AElFQ ANES Fofshwd B dge] FIEE F
Rom ol g vl slellA B AddXME tad & W&o d™de] 49
< S

&

A27d Qo] germplasme] &-2 P A screening® &
A Ago] MHE ™A W

I A8 2 Wy

TFele] QoA AN BAHELI Q& germplasm FolA HFHI EAS
A Aow #YEE o B 2& collectiond £ W3kt

}2-9] accession®} -2 yete] ALLolg HFLole WEAHA FFY
AR BQAFE 2ULE 602 17U7 Aste] %< B A9 ion
leakageS ZAAE A S BAAFL 4H3] AR FE 0022, A7t A
e wE 5.00=2 Ytk

[¢]
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_

accession number ey SEARX

6 Khira India

7 Kakri India

9 PI 169389 Turkey

12 PI 169392 Turkey
30 M - 20 UsA

51 Nezhinsky SUN

54 Bao-dan-khuan China
57 Khei-khan-gua China
59 Bilske Nakladacky Chechoslovakia
60 Melnicke Nakladacky Chechoslovakia

3 FEEEe R BEF wHe 20] 2415 (€ dHIE =4 ¢

o] A Aol ATLE FIMo] HH, @ FHFF AEF) -
dol gk ZiA o] AFTLE HAFol Ax FFol FE FASHA
SHAAL(0C)E 153U AHaslar 7)1 F A (stomatal resistance), FAFF
(transpiration), 229 F3F, photochemical efficiency of photosystem II
(Fv/Fm), half rise time to Fm(t1/2) 2 ion leakageE 7AA|FoE =A3}9 ).
Haol= AeojsiAl Hel AL2TEE W F83% mechanism e ZA| &
oxidative stressol] <2]3F Aoz d#lx Ut (Anderson et al, 1994 ;
Kerdnaimongkol et al., 1997). 2EAe BAZEQ thAla}A Fol] superoxide
radical, H;O, % hydroxy radicalS& AJAF8}A|9F  superoxidase dismutase,
peroxidase 5 catalase T3} -2 o] HA(defense enzyme)E XU o
22 83} AbAi(activated oxygem)d] FEE WA FAFTE 2y HEA
ANA Aol FoAW o]e} T2 Polr|Fe] AEdo] Wole| wel
membrane lipid, ©¥j& 2 A Fof] AFHA FFL mAA "t olHE
A4 w & ALFAe] FF70) Loyt Ad =% Afe= ABERN)
2 A Ee] XA FEE v AA €k
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uetr] FETHAAN EPEE 4% H4FH R A0S 4TE =HE
Aol A 24, 729 120012 A7 F, AR 2Hew &AA 2ol wHE
seto2 FASIUT. 2ole HAFAAN Mo ® AsAZen =
e £787]0) heaterE AX|&e] 20E1TCTR FXgol] weiry ZHELE
o] & AASHATh

2

tlo

b

2 AT W

3£ 1] A7}E R accession number 303} 510] vl g WS LER
o}, B3] AEeol HAo] ¢S o AL UldE JElTh ® 29
A7 ion leakage® hAlH oz KW vlsgoy HXI EINF7
7V Akl $<F B3 ion leakage ol Aol EAIAE WERA AL o
leakage =7 Aol AR A& EFAZA &%7] diEolth

-

=

E 1. §< #A 23+ Q0] accession?] =@ A2 e] Zo}

accession number o gea|
6 1.0 1.7

7 0.5 1.0

9 2.0 2.3

12 0.6 0.6
30 22 4.0
51 2.0 3.7
54 1.0 3.0
57 1.0 2.2
59 1.7 1.7
60 1.2 2.2
s 32 4.0
L EIES 1.7 2.7
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E 2. 99 ion leakageo] W& 29) accession2] ZT@A AHL2UAde] Aol

accession number of=7(22°C) Ha|7(6C)

6 0.368 1.230

7 0.409 0.365

9 0.313 0.955

12 0.367 1.140
30 0.378 0.670
51 0.323 0.567
54 0.388 1.010
57 0.409 0.442
59 0.435 1.090
60 0.393 0.859
R 0.385 0.308
e 0.341 0.333

I 3. 28 AeXErt 2o FF9 YA FA vA= 9

EXNes 215t

(ke o= el CH =7 el
712 A8 (s/em) 0.78 2.07 0.97 0.29 1.89
2 (uglem’/s) 24.17 9.19 17.25 40.64 11.38
gz2y gy 49.2 45.6 48.6 46.3 49.0
Fv/Fm 0.697 0.746 0.606 0.714 0.760
t1/2 38.5 52.0 70.0 41.0 30.0
lon leakage (ms/g fw)  0.270 0.301 0215 0.345 0.267

TAALE 74 AT F o] FF2 AH

FATSF (X 3)

=
55X

of HA= FFTFES

21 ZA G FaEkd dolMe Ao ot gEA Ae AHo] 23]
7 Agks ARk 23 W9-E 121, chlorophyll 332 #X|81A wolA
t}. dlrje] ALe] wWE chlorophyll fluorescencer= A-7-A}ol] ulglr] photo-
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chemical efficiency(Fv/Fm)& A}83F H-9(tomato. Walker et al., 1990,
25:334-339), variable fluorescence(Vo)S A3} 7 -$(potato. Greaves and Wilson,
19878 & 71 Utk B d3FedAe 2d AL MHE E, 2 2
FvFme Al F33 &l gIlevh, Ao vzgk 4bEo] t1/29 F#27}
A s ion leakage®= & o] FHd =Al FU1E Po2 Hol =d
Aol wel A HA WA M2 e e Be Zeg nydn.

71§k whe} o] 20] Aujrle] ZHA o] A& WXz FFE A
sith. a2y AeEde HAANAdE S8 t7] ALx T8 &
th wEla] Qo]qle] A2 AAL screenindlr] $5le] EE| AAE Qo]
4Te) Aedo] &7 AP F, B mRoT &AM Lol9) e
oz st

TR 2% 4TAA 2447 A
A AKE Th AaY Rew

.HQ

o

m]m

Jo

a8 2. &S ALR F eoiqel vNE Feo| 9§
. 4TAN 2442k AR} F, FBEALE $7) o
& 1MAE B Bol xE AR AXS TR
B, AE 2 Qe
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38 3. =y ALAY F oljdd vAe Fo I 4T
NA 72MZE A F, FFEoR &I oE 2NN F
¢t Fol =F MAS 4 AH sk 9%

7} T MAAY FobolEke FAIAl BHA Fol =FAIZ AL Q0]
Holl Y= =30l A2l A=t 4 B Frl PR A8y A
o2 3R 7] wWFold 24 4TE X2 B B =& AZt) et
Fohd S A FUuh 22y 4TAA A1 AR T Lol Bl =&
F AZo] ARG 7 Aol FRAMHZE 3). 53] AL wizdsiA
W-ERE BES ARET 29 o-hQeRA IS A WEEE Ry F
AEE &3 vheE HErh d¥e dEB =YPFLE A9 Uil
Aoz deA U3, HHE 3L fevete] AFR0E HEIE

a3
o o
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Frowa WYHo AL oisiria ABlA o 1Y 3elM Hi= ule)

do] Yo AFAS TPl AR oHRE FANE AW T F4L
ark. e AHe vl Aol AR Pa AxSE ZEE
ehiEE EREath 1Y 48 4THN 12042 HE] F 2408 Fol =F
2] Lot 1208-0] Ak Fof AHEHolth WFT YL 2408

sald 53 AFH REo] Ao AHe A4 Js A o

Boll wEEE AZe] old % MaNFFe HAMKHLY 5).

a8 4. ghzdsle) Aexe F eolqd mXE o] JF 4T
AM 12087 Me) F, ABEACE $31 THE 2402
), R 1208 (3D B Bl =F AFS
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a8l 5 gtz JeHE & eolge) mHE B I 4T
oA 12003 Me F, FHEACE &3 T 21X
B ol =& AR AFORFE FF, 43, AP

718k g2 Ao 23§ A EA 2 3| activated oxygen specieso] 2]+
Axae] g, g4k 2 AA-E ZEEA FH3ks mechanismo 2 s A€
o B A A Fujad FLe duidoes FHIAMA gal e AT
Eol Aol 5439 ANdz UL dAelth F HuAdes asls
Asoz A dgo] 7 g HaFidel 2EHAUS, A 2o oFs}
ths 4HEL 2318 Eekvk oleld gwrd @4l ddixs obA7HA]
WEg sES UE e glev 209 Qg6 HETS 8 A A
SERTE 9% FHEFe] Aold #% vk F chilling temperature®] P )
Aeo] 2olo] AFFAE 7IEY ¢ FFEY Ao I Aol @

S FE Jor}, 4T 3= “near freezing-temperature” ol A= 2.0l AE

o] QPogE AT YeEAE 2EaE}
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A3E  dirjFZe] LolFEY A=Al wX]|=
4 &

LA

21E0] Al 2 Aeo] vAlE & 8l F, otwlx Ao A FHG
geke]g WY Qolgts AMHNL B3E H59YE Zdenk diFEY HE0]
Ao els)a] Bloldlrt doldths A& :E s WY FA AL
of 3 AFE JES A Aoz A F dok 2B dxe &
gute) Qe EA59 sy EAA)ul(off-season cultivation) FEW 2] A
SEqke] A27le o] R dd Y4AQ] ZHEF HEES AHista A
ek ZEo] ASHY F AL o AulAde Fad #FAHY 8
o] o] eom, dule JIE FToF ALd WAl FEES FEE 8
Aol EHI e Aot o|HE A2l IS FIsH7] AT =5
AMA R o2 AEET o COR(coldregulated) -FZASE =3 #2)
2] A go] oln] ®iuxle] gk vt dAAZIAE ZHE 23T A2
& dFEeE fAAE =9 A5= 2ud v gloh

B oaApdoias Ao dig AHEAL JF F, 53 FEEHZ F
Bala vk & 2Ee] Ao ZIE AxFEE dHeEhe v, oivi=
Ao WA AEAE ALddAE SEEFSFE 483 I & A=
9L Bedtn Jdoe HE EFFT Wdmechanismo] 2 4 e Heolch
u}e}A] SHpotential & §-X3}7] 915k AR Aute] H-ATPases} H'-pumpingoil
W& electrochemical gradient®] ¢ L& F83% HAFxM] E 71 o
A E o] & ARt Utk

Aol W AEL FrAd EL WAEE FH3e WHES 29 ojEE
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FEUALS] GPo] 2B S AT = PSS, Aslad F2(electrolyte
leakage) 5 A EA ] FEAE Wby FIFL = womz Ao f
& PeAe TESEY g olgEe] foh e} Aegsds =33
B AL 7bsEm Assia zHEsol @tk 2He 2AE 24 JsiA

B AFANNE ZF 71718 olgste] 2o FFel o] aT AL

9old] FEL FEFRZNE B e Aoz S4L olel B},
WAde] B8 AR o] AFoR FHujao] H

- A AWl ok FlA Qo] ABLR Hael A FEol A

- R TN §FE shAe0] ARSE WA ALE 20|

B APNM AHeF Fa7IVIE Thew g,

Porometer : 7| x| &3} ZFalako] &4

i

Water potential measurement system : g2 SFE X elde] =

Photosynthesis measurement system : ¢ B3t &3

Sap flow measurement system : =35 E3 HolE =74
= AsehA WHE o)8F NePTAe AolE wetsy]) 9sted
antioxidant enzyme<®! superoxide dismutase®} guiacol peroxidase, lipoxygenase

activity & =S¥ TH
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3. A7) 9w

2ol AL WHI B3] ZHAL w8 oJF J1x A Qe
< Amngtont # A7 &L dirie AL Add e Mgy v
AR E Aotk ZFAFge A dg%H A HE 198 FH3) s
5 9 ol FUIeA @2 W AEHE A Aol gl MAE S-S
Hol Foh

to e

%

Zabe] Ae AT AL AY 194 Skl FA3%] BAasigoeny, i
AL MM HARSHATHIE 1). =& potential®] -9 LTS ] Ao ot
gt & Wbyl glont M YA S5 potentialo] MAF] A= A

o) UTHE 2).

B A¥elH HEF 8TE 2ole AFHQ 25~30Te] HlshH A
S grolglon FRIUAMS] A Hopt Holm 5U Hte) Ae
Ael 9ol o] “water staws™ol ZA FFIA B Ao BUHIUT
ol A3 emrt FolAW AT ATl B, F H 1014 72

ol =A TR PO HOMM, Bl FLHE A AFenAE

E 1. di7] AL Hert 0] FF 73 ATH Fd mXlw 9

718X & (s/cm) & (mg/cm?/s)
ST e B Uz e Bz
0 0.36 0.15 0.231 16.6 31.0 15.8
1 1.35 0.37 0.53 4.8 11.2 8.6
2 1.28 0.73 1.31 5.4 7.4 53
3 1.21 0.54 1.87 5.5 7.0 3.8
4 1.22 0.68 1.59 5.0 6.2 4.3
5 1.26 0.86 1.06 5.2 72 6.6
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IE 2. 7] He&Xer) Lo] FF2] Water potentialdl] u]x)= &k

Water potential(Bars)

oave Uy At ET
0 -15.3 -12.6 -12.7
1 -12.3 -14.0 -15.7
2 -14.3 -15.5 -14.8
3 -12.8 -13.8 -14.2
4 -14.9 -14.0 -18.6
5 -15.7 -15.5 -18.0

water use efficiencyE RX|FA Sl ALoZ ALt B A A E7
WEE 2 AF20lql AFel 3l & FFA vlEte] rFAEe] wdm
ZAtEFo] ThA: B3E Holth

A7A L A2 5Y F FPAAFE 2T Ayt 29 1otk Rol9 A
T, BE A 2xoA Aetal e o] F}PFL 24~25 CO, pmol/m2/s
Ao, JAX L 1500 CO;umol/m2/s Jrh 2}t Al FF 2olE9
7] A2AE 59 F BHAYFES SHY A9 FPexd W 125E
°F 7~11 COypmolm2/s o)t 53], A3 At FFAHF) 74 %o
B kel B WhtHadE 1-A). = 7] &8 FFeE JFA0 F &
AR FIAFS A2 AR A0l B FEo] spF wE R
< E71E% s

FY9E Foll BF3te L ggozEs Ackd A& 3oyt glgdx BT
ShaL ‘37 9] sap flowe] o] 7P Fghom ‘A BEE A9 234
Foldck vk dirle) AL Mz st AEF BF AHld@d] uls
125502 Folzlon 53] A2 wizhsittn 48 Qe A FFo
Vg e flowds UEMAG A 447 REE A ET ALuAdo]
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A FFom AEA Ye QI sap flowdFo] ¥ B HE Ho} o]
A 2 ARE SRNAEeE & 2471 2 3otk Ay 8dAel drlE
FAFEER5C)E A 27 wE S5 sap flowdo] FEHI] A
on) 53] Ay ‘Aol FEAEY ALEA APES B 5 AAych

18

2 - &F

- U

a3 1. o) AARIE Qo) FFe FEAEN v 9F

Ageolql AR JEEYPE A, IF AT A 7] ALY
(8C) 59 EIT xylemE sl sap?] F& £ AFUE 19 201tk
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a8 2. 7] A2Aert 0] 59 Sap flowd] vA= F3F

o] 7}R| 2] abiotic stressi= activated oxygen speciesol] ©]%}F 2x}F Q) 3o
o3t Aolgte HAPdde ®ol UArk 2 Eo] Ao *3}A = superoxide
radical, singlet oxygen, hydrogen peroxide, hydroxyl radical5o] 2]&} ua}7} 1}
el AAAEQA AR S 3 A EJAE superoxide dismutase,
catalase, ascorbic acid, glutathione, tocopherol%-ol 2J3fA] =3} = X|qk, A&
o Z4-39 ol g FEstago] EAZY A7) WEoth o]#g A e
A 7kA] 2o FZL AT ¥, superoxide dismutase 9} peroxidasee] &
dE& FASATHRE 3). A2A Aol FUH wer 93 ey
superoxide dismutase 9} peroxidase activityr Z7}3fv 7HFo] FE8lslg ot

7o) e WAl i ol TEUS U AR Hole YU 2
AP 2] AFgM Folg L2 ¥e|odlM enzyme activity?} SA)she, 3t -
Fo AYelM AA A FEoJof F 8]k GROE A activity2]
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I 3. 7] AAE7r 20 F32] antioxdant enzyme activityoll V] X+ FgF

. , roxid A4
Superoxide dismutase Peroxidase(4Aazo/me

Duration protein/min

T
0 8.2 11.6 8.3 0.2 0.9 1.6
1 12.1 11.0 9.6 1.2 1.7 0.6
2 13.4 9.7 6.2 0.6 1.8 0.7

£
3 13.1 144 9.2 2.1 1.8 33
4 7.7 9.8 54 2.8 34 2.4
5 11.1 11.1 8.4 5.6 4.9 3.7
0 51.5 24.2 56.7 0.9 0.5 0.4
1 80.9 70.4 93.0 5.0 18.4 2.0
2 79.9 72.9 71.1 53 17.8 14.2
o)

3 94.6 66.14 94.8 52 14.4 1.7
4 77.4 69.0 127.9 6.3 18.7 12.0
5 743 71.6 126.7 - 11.3 13.9 12.5

Hhg-Fo] ke Zojrk Bef EAJBolA abiotic stresse] 231HQA FHE
oxidative stress® AZIolH, Fo] WX -2 ] A OA R W
< vebd Z& FulEE AMgelth g A2 it dE A e A
o] Bg]oA] enzyme activity®] F7}7} @A SIAT

B AFPE £33l 95t FAE ATEA E FEFE @AR o5
AL Wgk 209 wiEF FuAe] 4S50l 7MY ¥ASA vEhddn
st} o]# 3 AL FAIIME 1] Hol flen BIE, SFF o
3 AP AR TE M Ee] Ago] Ao ofst Aldnt. wepx 2 H4Y
o ;)&= growth chamber oA 7228 10CE @53 20]9 g7 ¢
o] AFAEE WA ZF3t A2 3 FuFHY AHHEE FHA=EA

oo
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12 o s s e s —
Jéfx—!
11.5 t 2l B
- B2
11 o
—~10.5
£
L
=0 10
8 95
9 *
8.5
8 13 A | )
0 1 2 3 4 5 6 7 8 9 10 11 12

38 3. o7l A&l 2] 49 PFAR vlAE= 9F
@LANE 7] L8 25T ZHFIYR)

A9 ;. B stomatal resistance?} SFFA T SA3IP o, AL g 79
Foll 25CE 228 B9A 83 YR Aotstych =P & dgol
AE AL B}y Fslttial e “dURE FEFTHERE BEgntel AFA)
B2 FAIESATH

H7e=E 10CE B F dFde €3 WAL 24 d3ye
1.025cm, Y31 0.54cm, F2E 0.6cmEA] Ao k3t Aoz Gl U
= el dgke uigiA 2v] =] A4S JeEldh o3 F He ANg
physiological datadll M= AojFulr} Ao F 71FAETH FAHE 1), B
(28 1) FToAME i3] 2317 Ao g A& Uit AR
FAR 2xetnr AAEE 25T W7l RA3 F 383 =&
Tt ul, A Ao A dEA e dI2e AEIA B
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175 -~ T e — —
Hx—i

i % ol:‘|
o g

13 L i [ 1 1 1 i i L
0 1 2 3 4 5 6 7 8 9 10 11 12

=EERTES

T8 4. 7] A2o] 2o)de 9F Ao vX = ¥
BA e 7] LEE 25CTE ZHIIAD)

Ae el 4F AAANE 9T AY BUF ABE vehioh S
WAz Ao Aol HEA ) AR AFe Bgom Fews A
Qg Aol B2 £EE Gl uistel AT Holst AUk
agsels A vk &) 24%E, 2% 28 6t 71FANTL 4
Uehich QEs 97 AelMe msiAz Aed ofstha deid 3
= o] Mexe 17 F gl s wn, NFAYE Y B
£3 AL Azl Fol BALEET HBAZ ALNE FPF AEIA 32
om te BERy 29 AE 2 FAHA N5 B Rog vt
o},
JubHoE REF ABL abiotic stessyt FOIAW F1FE %A

abiotic stressoll A 3tojel® 71EHIHe] AxE Adides wov uweixd

_BL

o) %:2
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Hs/cm)

10

X

Ho

74

@
E 25 |
ks
E

AQ | o s e s e e e
35 |
30

*Ha|E el

8 6. 7] #Aeo] 0] 71F AP mAE Y
BYUAE Uy S5 E 25TE ZAHFIR)
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