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SUMMARY

I. Title of the study

Isolation of Cold-Responsive Genes and Development of Cold-Tolerant

Cucumber Plants

II. Objectives and significance of the study

Cucumber is one of the most widely cultivated plants in green house,
and the growth of cucumber is highly dependent on cold temperatures, which
requires lots of energy cost during the winter. Therefore, it is necessary to
develop a technology that maximizes the production yield of cucumber plants

under the cold temperature conditions.

To develop cold-tolerant cucumber plants, it is prerequisite to isolate
and characterize cold-induced genes and promoters that are responsive to cold

temperatures in cucumber plants.

The objective of this research is to establish a solid cucumber
transformation system, and to provide a way to develop cold-tolerant
cucumber plants by genetic transformation of cold-responsive genes. The
research would be a valuable step for the development of multi-purpose

economic cucumber plants by using cucumber transformation.

M. Goals and scope of the study

The first goal of the study is to isolate and characterize cold-induced
genes and cold-responsive promoters in cucumber, and to investigate their
expression and functions during cold stress. The second goal of the study is

to establish a solid system for cucumber transformation by optimizing



regeneration and Agrobacterium-mediated genetic transformation conditions.

IV. Results and proposed application

1. Results

1) Isolation of cold-induced genes

Several cold-induced genes were isolated from cucumber plants, and
their nucleotide sequences were analyzed. The isolated genes include kinase,
glucose transporter, zinc finger family protein, aldehyde dehydrogenase,
anthocyanin-related membrane protein, csp54-51 (unknown protein), cspb54-52
(unknown protein), and csp54-53 (unknown protein). The cold-induced

expression patterns of these genes were investigated.

2) Stress-related functions of the genes

The functions of the genes encoding high mobility group B (MHGB)
protein and aquaporin were investigated under cold, drought, and high salt
stress  conditions. The results on the nucleotide sequence and
stress-responsive expression of HMGB were published in an international
journal. The nucleotide sequence, stress-responsive expression patterns, and
stress-related functions of aquaporin under a variety stress conditions were

investigated.

3) Isolation and characterization of a cold-responsive promoter in cucumber
The promoter corresponding to the expression of kinase was isolated
from cucumber and its nucleotide sequence was analyzed. To test the cold
responsiveness of the kinase promoter, Pkinase-GUS construct was generated
and Arabidopsis was transformed with the construct. The transgenic
Arabidopsis plants expressing Pkinase-GUS were selected, and the expression

of GUS was analyzed under normal and cold temperature conditions. Results



showed that the GUS expression was increased under cold temperatures,
indicating that the kinase promoter isolated from cucumber is responsive to

cold stress.

4) Establishment of cucumber transformation system

A solid cucumber transformation system was established, and the
transgenic cucumber plants were obtained expressing an Arabidopsis GRP7
(AY84) gene that showed cold tolerance ability in Arabidopsis. The T1
seeds were obtained, and the integration of the gene was confirmed by

antibiotic resistance and genomic DNA PCR analysis.

2. Proposed application

The results of the study that isolates cold-induced genes and
cold-responsive promoter from cucumber provide an important background to
understand the roles of cold-responsive genes during stress. The result of
establishing the cucumber transformation system by Agrobacterium-mediated
genetic transformation will be applicable not only to generate cold-tolerant
cucumber plants but also to engineer the cucumber plants for the
development of multi-purpose economic cucumber plants. The results of the
study will also be used to develop other cold-tolerant crops. The growth and
stress-responsiveness of the transgenic cucumber plants obtained in this
study will be tested further after the completion of the study, and the

possibility for the commercialization of the products will be assessed.
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o]-&3k Qo] FHAMEA ] Ax H %élxd%‘r Lolo] t3 58E SHsk (H
A

Nishibayashi®} Tabel, "]=¢] Chee 5©] Plant Cell Report (1990, 1996, 1998)ql|
B3 3He =EF3} Sarmento S5°] Plant Cell, Tissue and Ogran Culture
(1992)ell B.a3dk 10 =% Soniyva®t Das”} Indian J. Exp. Biol, (2002)¢] X i1

_15_
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1 A WA a3 28 2 g714K8 4 ofdlA AL iAol vofst
= fAA AL 9F FEEHE promoterE: 37 93], degenerate
primersZ @83 PCR W¥ ¥ Q0] ¢cDNA library screenings £3F 5 7}A W
HE AFEEIA T PCRES B3 AR =4 fdxE 2837 fskdd, o714

2 T A EA A A od AA HFHe] FEHe oE d#xl RNA-Z
g @A cold shock domain protein®] QD714 <EE WE O Z  degenerate
primersE A 2tslAth. RNA-A3 @ A3} cold shock domain proteine #] -

dol o] #ofsh= Aem FHiro] A A3 HAAL e FAAERA

S Fdx 2 O ZEREHY B &8 steAel =2 AoE JgEn ¥ 1
2 o5 FHAAE EEsty] H&l A zste] AF-8-3F  degenerate primerse] @74
4S5 e

¥ 1. 2o]ZX%¥ cold shock domain protein F &S E&38t7] ¢ ste] AL&=
degenerate primers.

Primers Sequences (5’ to 37)

CSP51 AARGGITWYGGITTYATIWSICC

CSP52 GGITTYATHACICCIGAYGAYGG

CSP53 AARGGITWYGGITTYATHWCICC

CSP31 CCICCNCCICCNCCIC
o] & primersZ ©]g3to] 0] ¢cDNA libraryZ ©] €3 PCRE £3to] & 4
2kl partial sequenceE SHEHTE FE g FHUAE probe® o]&ste] T

A 2}e] full-length DNAZS library screenings %3to] &1 &1t}

2. AL F=EA 42 8 € 9748 4 o]y target gene-oriented
screening ¥} $H7 differential display GeneFishing "H S o]&3lo] A2 23|
o] FRHE A2 EHE AESATh AR HEgh QoA 2T =E

2B total RNAS 3%3}9] GeneFishing kitE o] &3] A& g A E43

_18_



o))
~

o)
—

TH

gekivh 1

)

B

sequencing

©
j

3
s

=

pGEM T-easy WEd F=2Y

3 F

&=

E

1

=)
5

DNAE gel=

20 A=l A

-
3t

)

3}

T

_19_



M 0 12 24 48 ()

(A)

(B)

(C)

a9 1 AL AL oomg
olgate] A& A A
EAE HAREY B

_20_



2. Lol2FE Y3 A2 =4 FdAe d7IM4E

(Actin-related protein)
AATTCGGCACGAGGTTAAAGCTTACAGGGTACCTCCGAGAGCTGATGCAACAGAATAATATACATTT

TGAGTCAATGTACACTGTTCGTACATTGAAAGAGAATCTATGTTATGTTGCCGAAGACTACGAAGCT
GAATTGACCAAAGATACTCAAGCTCCTATGAAGCTGCTGGAGAAGGTTGGTTTACCCTTTCCAAAGA
GCGATTTCAAACCGGAGAGATCTTATTTCACCCACGTATGGGGGGAGTGCGAGCAATGGGGCTGCAC
GAAGCTGTTGCACTTTGCATGGACCATTGCCATGCTGCTGAACTGTCATATGATGATTCTTGGTTCAA
GACTGTGGTTTTGTCAGGTGGCAGTGCTTGTCTTCCAGGACTTGCAGAAAGGTTGCAGAAGGAACTTT
ATGGGCTTCTTCCTTCACCATTGTCCAACGGAATCAGAGTCATTCCTCCACCATATGGTACAGACACA
GCTTGGTTTGGGGCAAGGCTTATTAGCAATCTAAGTACCTTCCCTAATCATTGGTGTATTACAAAGAA
GCAATTCCGACAAAAGTCAAAACTCAACCTCATTTGGTGATCACCCTTTGTCTCGGGTTGTTTGTTCT
ATATTGAAAGTTGATGCCATCATTCAAGTCTTGTGTAGCGCTTGACGTATCGGTAAAATAAAAATGAT
AAACAGCCTATATACTCTCCTTGTAGTAAAATAGGTCCTTGAACAAAAGTGATCTGATTAAAATGTAT
TGATGGTAATAAATTAAATACGTAGTGTAATAAAATTTTGCTTTTATTTGTTTTAGCCTTTTAGGTTAG
TATATTAAGTTTACACCAAAGTACATATCATATAGACATTCTTTACCAACTGTATTATTCATTGTCTGT
TATCCTCTCTCATATATTGTAATAGTAAAACCACATTGTATAAGAAAAATATACAAATTTAGTGGGTT
TGATACTTGTGATATAAAAAAAAAAAAAAAAAAACTCGAGGGGNCCGC

(Receptor-like protein kinase)
CTCTCATAGCCACCACCTCCTCACTGGGAACCACTTCTCCGGCGCTATCCCAAGCGATTTCTTTTCCTC
TCTTACCTCCCTAAAAAAGGTGTGGCTCTCCTCCAACAACTTCTCCGGGAACATTCCGCACTCTCTGG
CACAACTCTCTCATTTGATCGAACTCCACCTTGAGAGCAACCAATTCTCGGGGCCCATCCCCCACCTC
AAACACGCCTCCATCATAACCTCCCTCAATGTCTCCAACAACAAGCTCGAGGGTCAAATACCGGACA
TCCTCTCCAAATTCGACGCGAAGGCATTCGCTGGAAATGAAGGCCTCTGCGGGAACCCACTTCCCAA
ATCTTGCGGGGCCCAAATTTCTGAAGATCAGAAGCCCCCTTCTTCACCTCCTGGGGAATCCCAAGGTA
ACATTTCCAAGCTGGTTGTGGCATCCCTGATAGCGGTGACTGTATTTCTGATGGTGTTCATATTCCTG
AGCGCCTCCAAGAGGAGAGAGGATGAGTTCAGCGTGCTGGGGAGGGAGCAGATGGAGGAGGTGGTG
GCTATGAGA

_21_



E 2 002V ¥ AL 2 AR A714L (%)

(Monosaccharide-H+ symporter, glucose transporter)
GTCTACCAGGTATTCGCTTCATGGGGGCCTGCGGGTTGGCTGGTACCTAGTGAAATCTTTC
CATTGGAGATTCGTTCAGCTGCACAAAGTGTAAACGTGTCAGTGAACATGTTGTTCNCAT
TCATCGTAGCTCAAGTCTTCTTGACAATGCTTTGTCATTTGAAATTTGGGTTGTTCATTT
TCTTTGCCTTCTTTGTTATACTGATGTCGATATTCATCTTCTTTTTCTTACCGGAGACCAA
AGGCATTCCAATTGAAGAGATGAGTCAAGTTTGGAAGAGTCATTGGTATTGGAAAAGGTT
TGTGCATGACAGTCATTTGGCTAATGGAAAGGGAGGAGTTGAGATGAAAAGCGGGGGATA
TGCATAAAATGGTCATTATAATTGTTGGGAATATATATATTTTGTTTTCCTTAGTGAAG
ATGGATGGACACTATGAACATCACATATCAAATATCAATTTGTCAATTACATTTTAGATT
GTGTAATTAAGTGTGAAATGATGGAATTTGATTTTATTTATGAAGAACTAGTTGAGATA
ATGAATGNGAATGGACTTTTATGATTAAAAAAAAAAAAAAAAAAACCCCCATCGTAGTC
GCAGCATTCACA

(Zinc finger (C3HC4-type RING finger) family protein / ankyrin repeat)
AATTCGGCACGAGGTGCAAATGGATGGACTCCCTTGATGGTCGCTCGTTCATGGCACCGAGACTGGC
TTGTGGAAATTCTTAGCAGAGAAGCAGGAGCAGTAGCGACAAATCTTGTCCCTTCACCATATTTGAC
TCTTCCCCTTATGAGCATTGTTAGAATTGCTAGAGAATGTGGATGGAGAAGTTGTGACTCTTTACTTA
CATGTCAAGATCCATGTGTAGTATGTTTGGAGAGAGAATGCACAGTTGCTGCACAAGGTTGTGATCA
CGAGTTCTGCACGAGATGTGCATTGTATCTCTGTTCCACAAACTGCACATCATCAGTTTCTCATGGTC
CGACTGGTTCAATTGCGTGCCCGCTCTGCCGAAATGGCATAGTTTCATTCATTAAACTTCCTAGAACG
AAACCAATTGCCAAAGAGATCACCAGAACCAGTTTATCTTTATCATTCTGCACTTGTTCTGGTGAGGC
ACCAGAGCCTCCCACATTAACCACGCCATTATGCAAGCCTGAGTTCACTTGTTCCCGAATCTCTCCAC
TCGGAGCATCGTTTCGATCCCTTAGCTGTCAGAGGTTTCCTTCAGTGAAACTGAACTCCAATCTCTGC
ATGGGAGATCCTCACAGTAGTAGCTCCTCTTTGGTTCCTTGCGATGTTGACAGGAACATGAGGAACC
ATGTTTCGAGATGCTCAAGATCATCAGGTTTTCGAAGAACAGCATCTGAAGGTAGGAGATCATGGCT
ATCTGCCTTGAATCAGTATGTAACAACTGGAAGCGGATGCTGATAATCGACTTTGAAGTTCTTTTTTT
CTCTTCAACCTTCATTTTTTTCCTTTTACTTTATTTTCAGTGTCCATACACTTACCCAAAAAAAAAAGA
AAAAAAGAAAAAAAGAAAAAGAAAAAAGAAAAGATAAAAGGATGATACCCTGAAAATGATCCAAT
TATATAACCATTTTGATGGTGTGTAATATGTTCAGCCCCATCCAGATTTATGTTCGAGCCCTTTTTTGG
CCCTTGTAAAAGAAAAGAGAATGCTTGAGTTTTGGTGATTTTGATGGATGGTTTGTATATATGTGTAA
TGAGAAGTTTCAAAGTTTGTACTGGAAGAAAAGTCCAAAGTTTCTCTTCTCTCTATGCAGAGAATTTT
GTATGAACATGATATGGAAGTTCATAATTTATATAAAATGTGTTTTATAAAAAAAAAAAAAAAAAAA
ACTCGAGGGGGCCCGC
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E 2 002V ¥ AL 2 AR A714L (%)

(Aldehyde dehydrogenase)
CTACCAGGCCATTCGCTTCATGGGGGTGCCGGGTCTCGTACTTTTGTGCACGAGCGTGTAC
ACGAGGAATTTGTCGAAAAGTCNAAGGCACGTGCCCAAAGACGTGTTGTTGGTGACCCTTT
CAAGAAGGGTGTTGAACAGGGTCCTCAGATTGACTCGGATCAATTTGAAAAAGTCCTAAG
ATATATCAAATCTGGCATTGAAAGCAATGCTACTTTGGAATGTGGAGGTGGTAGACTTGG
GCCCAAGGGGTACTTCATCGAGCCAACAGTTTTCTCAAATGTTAAGGACGATATGTTGAT
AGCAAAGGATGAAATCTTTGGTCCAGTACAATCCATCCTGAAATTCAAGGACATTGATGA
AGTAATTCATAGAGCAAACTCAACTCGTTACGGTCTAGCATCAGGAATTTTCACATCGAA
CATCGACACAGCCAACACATTAATACGAGGATTGAGAACGGGGACCGTGTGGGTGAATTGC
TTCGACATCTTCGACGCCGCAATACCATTCGGCGGGTATAAGATGAGTGGAATAGGAAGGG
AGAAGGGAATTTACAGCCTCCAAAACTACTTACAAGTAAAGGCTGTTGTTACACCTCTCA
AGAATCCNGCATGGTTGTGAGAATCTCACCAATGCCAGGTGAAGTACCAAAATGTTTAAT
TTTGCAAAATCAGTTTTTCTTTTTCTTCTCNCTTTTCTCAAGAATAAAGCAGGGGCCCTT
GCCTTCTGTTCTGTTGGTGTANAAAAGTTTCANACTTTTATAATAATATCTACCNCTTCN
TAAAAAAAAAAAAAAAAAAAAAA

(Anthocyanin-related membrane protein)
AATTCGGCACGAGGGTCTTTTGTAAATTATGTGCTCTTGGCGCTTGTCTATGGGATCACCATGCTTTCT

AGAAGGAAAGCTTTGAAGGCAAAGTGGTATTACTACATACTGCTTGGATTAGTAGATGTAGAGGCCA
ATTACCTTGTGGTAAAGGCCTACCAATACACATCCATAACAAGTGTAATGTTACTTGATTGTTGGGCA
ATCCCTTGTGTGTTACTATTCACTTGGCTATTTTTGAAAACAAAATATAGACTGAGGAAGATAATCGG
TGTCGTGATCTGCGTGGCTGGCATCGTCGCGGTATCTTTCGGATGTTCATGCCGGTGACCGGCCAGGA
GGAAGCANCCCCNTTAAAGGGGATGCACTGGTTATTGCTGGTGCCACCCTTTATGCTGTCAGTAATGT
CAGCGAGGAATTCCTTGTGAAGAATGCTGGTAGAGTTGAATTAATGGCAATGCTTGGTCTCTTTGGCT
CAATCATCAGTGGAATCCAAATAAGCATAATAGAGCGCAAAGAGTTAAATCAATTAATTGGACACCT
AAGACAGCACTTCCATTTGTTGGATTCTCAGTGGCTATGTTTCTTTTCTACTCATTAGTTCCTGTATTG
CTTCAGATCAATGGAGCAGCGATGTTGAATCTGTCCTTGCTTACTTCAGATATGTGGGCTGTTGTAAT
ACGCATTTTTGCTTATCATGAGAAGGTCGATTGGATATACTTTGTGGCATTTGCTGCTGTTGTTGTTGG
GCTTGTTATTTATTCAGTGGCTGACAAAGACGAAGATCGCAACCATGGCAATGTTGCCAATGTAGTT
GCAGATGAGGAAGGAGGTCCAAGAAACCNCAAGATGGACGAAAGAATCGTCACTGAAGGCAGTAGT
AGTAGGCCAGATGGTAATGGTGGTGGTGGCAATGCAAGGATGGAAGGCATTGACAAGAAGGGTGAG
ATAGCTTTGGTAGAACCAGAATAACTGAAATGGAAAGCTTTAAAAGAAATGTTCCATTAAAAGCTAT
AATTGGTCAATTCCAAAGTGTAATTAGAAAATGTAGACTATACTTCTGTTGATGCATAAATGAAAAA
ATGTCCATATTTTTATTTGATACAATTTCATGTTTCTTTGGAAATGATCTAAATTTAAAGTTCATTTTG
TGGATAGAAAAAAAAAAAAAAAAACCTCNGGGGGGCCCCG
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(csp54-51, unknown)
CCGCCGCCGCCACCGCCTGCAACGCCACAAGGGCCACCGAATCATCGGGAATTACAACAATGGCCAC

CAGCGCCGCAACCAAAATGGGAAGTGCAAGAGAAGCCAAAGCGGAGGGAGAAGAACTCGCAACTTT
CTCAAGCAAGCTAAGAAGCCCTAATTCTTCAGCTTTAGAGAAAACCCCTAACTTCTCAATGGAGGAA
AGCGTAAACCCTAATTCCTCCGCCTTCGATAACAACCCTGCTTTCTCAACATTGCTAAGAACTTTCTT
AGTCTCAAGCTTCTTGAACACATCCACTTCCACATCCTCCGCACTCTCGTAAAAAATTCCAGCTCCAA
ACCATTTCTTCTCCCAAGCATCGTCGTATTTGTTCACCTTCTTCTGAGGGGCCATGGCGAAGATGGTG
AGTGGATTGGATCTGGAAGAAGAGAAGGGGCGGCGGCGGGGGCGG

(csp54-52, no match)
CCGCCTCCGCCGCCGCCCATGACCCAGTTCGCCGGAGTATGATGGTTGCCGTTGTTGTTGTTGTTGTT

GTGGTTTCCGTTGCTTCTGGGTAAGCCTTGACCGGCCGGTGAGAGGCCATGACCACCGTGGGTAGTT
AAACCGAACTCCTCGAAGATACCCATTTTGAGATTCTGTTCATTGGACGAAGGAATCAATTTGGGGTT
GGATTGAAACATGTTTTGAATATCAAAAATTGGGTTTTGCAAATTGCTGCCGGCGAGAAAGTCGAAG
GCGACGGAGAAAGAAACGGCGCTTTTTGTGCAAATGGTCGGAGAAGGTAAGTCTGTTGTGTGGAATT
AGGTACAACGTCTAAATGTGCAGAAGATGATGTTCTGTTACTACCACCACCACTGAACAGATCAAAT
CTCGCCCCAGCGTTTCTCGTAAACGGAGAAGAAGATGAAGAAGCTGTAAACGGCGGAGCTGGAATT
CCGGTAAATTCCTGAACCATAGCACGAAAATTCGTCGTATCCGTCGTTAACACCGTCGTCGGAGCTC
GTCGTGACGCTCTCGGCCGCTTCTTGGAGTTTCTACCAGTGTTCACCGCACCACCACCACCGCTGGCA
CCGGCGTTGGCACAATTATTAGGAATGTTTTGCAAATCAGTGTGATCAGAGGGAGTGAAGGAATTAG
TAGCGTCAGATGGGTGACTGAAATTGTGGACGGCAGAGTAATTATTAGAAATTGGGGATAAATTGTG
ATCGGTGGTTGCAGAATTGGGAGGTGGAGGGTGGAGATCGGAGGGTATTTGGTCGGATCTGACGGTT
CGGGACCAAAGCATATCGAGATTGNCGAGTGGGTTTTGATTAGAAAGGTGTGAAGATCGAGGATCA
ATNAANTGGGAGAGAGGATCAAGATGGCGGCGGCGGGGGCGAATCCCTAGTGAATTCCCGGCNCCT
GCAGNCNACCATTGGGAAANCTCCCACNCCTNGGNGCATAGCTTGNGTATCNATAGGGCCCNAAAA
NCTNGGCGAANCTGGNCAANCTGTTNCNGGGGGAAATTTTTTCC

(csp54-53, unknown, hypothetical)
CCGCCGCCGCCACCGCCACCCACCTTCCTCCACCTCTCCGTCCCAAACCTCGTCCCCCTTCCTCCTACA

AACCCAAGAAACGCAAACGCAATTGCTGCAGAACATGCTGCTGCATTTTTTGCTTCCTCATCCTCTTC
CTCATCGTTGTTGCCGCCCTCGCCCTCGCTCTCTTCTACCTACTCTACGACCCAAAACTCCCCGTCTTC
CACCTCCTCGCTTTCCGGATCTCGTCCTTCAAAGTCTCCACCACACCGGACGGGTCGTTCCTCGACTC
GCAAGTGTCGATTCGAGTGGAATTCAAGAATCCAAATGAGAAGCTTTCGATAAAGTATGGTAAGATT
GAGTATGATGTCACGGTGGGGCAGGCGACGGAGTTTGGGAGGAGAGAGTTGGCTGGATTTACGCAG
GGGAGGAGGAGTACAACGACGGTGAAGGCGGAGGCGGCGGCGG
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(Kinase)
CGGCACGAGGAAGAGATGGGTTCTGGTAATGGTTTTTATTCCACTAGTGAATTCAATTTGGATGCCA
AATGGTTGATTGATCCTAAGCATCTTTTTGTTGGGCCAAAGATTGGGGAAGGTGCCCATGCCAAGGT
GTATGAGGGAAAATACAAAAATCAGATTGTGGCTATCAAAATGGTGGGTAAAGGAGATACTCCTGA
GAGGATGGCCAGAAGAGAAGCCCGGTTTGCAAGAGAGGTTGCAATGTTGTCCAAAGTGCGACACAA
GAACTTAGTGAAGTTTATTGGCGCTTGCAAGGAACCTATGATGGTTATTGTGACTGAATTACTCACAG
GTGGCACATTGCGCAAATTTCTCTTGAATTTGAGGCCAAGGAGCTTGGAACTTGATGTGGCAATTGG
GTTTGCGCTTGATATTGCTCGCGCAATGGAGTGTTTACACTCCCATGGAATTATACACCGTGACCTTA
AACCAGAAAACTTGATCTTGACTGCAGACCATAAAACAATTAAGCTTGCTGATTTTGGTTTGGCAAG
AGAAGAATCAGTAACAGAGATGATGACTGCAGAAACAGGAACGTATAGATGGATGGCTCCAGAGCT
CTATAGTACGGTCACTTTAAAGCATGGAGATAAGAAGCATTATAATCACAAAGTTGATGCCTACAGC
TTTGCCATTGTATTGTGGGAGCTCATCCTTAATAGGTTACCTTTTGAAGGCATGTCGAATTTGCAGCC
CGCTATGCAGCTGCTTTTAAGAACATGAGGCCCAGTGCTGAAAACCTTCCAGAGGACTTAGCTTTAA
TAGTGACATCATGTTGGAGAGAAGATCCAAATACAAGACCAAACTTCAGCCAGATTATACAGATGCT
ATTGCAGTCCCTTTCTAGAATATCACCACGATCACCTGTGATCCCACCTCGGATATGTGCTTCTGAAA
ACGTTGTGATGCCACCCGAATCTCCCTGTACAAATTCCTTGATGGCTGTTAGACATGGCTCAGGGGAA
GCCCCACATGGCATGATCGAAGAAACACCAACAACCTCCTTCTTCTGCTTTAACAAATGTTACTGATC
CAATGCAAGAAAATCCTAAAAGGCACAGTTTTAACTTTAGTTGTAGTTCTATAAGAATACCCAATAA
GCCAAACCAAGAAATGTAACAGAATTTGGGATTGCTGTCAGCTCAGAAGCTTGAGAATCTTAAGCTT
TTTTCAACAGATGTGTAGGATCATTGAGTGATGGATGGCTCCCACCTTTCCAATAATCAAGAAAATCT
TGGCATGTAATATTTCTGAATTCTGTTGGGAATTAGATAATGAGAAATTCACTGATCATAACATTGTA
AATAAAAAAAAAAA AAAAAAAAC
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TTTTTATTTTAAAATAAATGATCATATGAGAATTGCTTGATTAGATTTTCTTTTTGTCA
ATTTTGATTTGGATTTTTTTTCTCTTTGGAGTGCACAGTTAAATAAAGTAAGAAATTTC
ATTCATAATTCTTAAGACCATTAACATATAATTAATGCTTGAATTAGCTTAAGCTTAGC
GAAAGAAAAATAAATTATTTAAGGGTAGAATATTAAATTTTTAGTATTTAAGATTACA
CCATGTTCTAACTTTATAATCATAGTTGGGAGATAGAAACTATATTATATGAAAATTTA
ATGTTTAATCAACATCTTAACATCGATAGTTATATTTGTGAAGAAATGATAAAAATAAT
AAAATATATAAATCAATAGATAATTCTTTTATGTTTAAAACATGATTATTATTTTTTT
ATATTCATAATGATTATTTTTCTTACGTTTTGTAAATGTTTTAGGATATAGTTGAAATG
ACTATTTACTATCTCAATATGAAATCTAAAAAATGTATATATATATAAACAAACAAAAT
TGTGAAATACTTATTTTCCTCTCTAAATAGTTTTTGAAAACAAAGTTTACTTTAGTCAC
ATTCATTAAAATTTTGTTAATTCTCTAACGTAATAATAACGTGGATATTTTGATGTTTA
AAATTCAGATTCATCATATTAAATATATTGATAAATAACTAATAAATCTTACTAATTTA
TTCTCTAATTTTTCTACGTCAACACCACACTTGAAATAAATAAAATTAATAAGAATTAG
TATATGAGTTAAAGAACGTGAAGTAGAATGACAATAAGTCAAAATGGTGATGATCAAAA
TTCCGAAGACAGAGTAACCTTTTAAGTTATTCGATAAAACATCAATTTACCAAATAGTT
TTTAATCAAAAATTAAAACCATATACTATTAAGAGTGGCTTTCTTATTTGATAGTCCTA
GTTATTCATATATAGAAAAGTCACATGTGATTCTAGTAAAGTTAACCGAATATTTTAAC
TACAAAAGACTAAAATATACTTATTTTAAAAGTTTAAAGACTAAAACAAATACTTTTTA
AATAAAAGTTTAATATCATAGAACATATAAATGAATGCAAACTTATAATAATAAAAAA
CATAGTACAAACGGAAAATGTTTGTAATAAATGATTGTGATTGAATTTTATTGTAAACT
AATAGGTGTAAATAAAAATGTTGAGATTATTACTATTAAATATTATTATGAATTGAAA
AAAAGAGAGAGTGTTTGGTGTACCAAATTAATTTAAAAAGATTAGGGAAAGAAAATAAA
ATGATTGGAGAGATGAATGTTAGAGAATATTAAATGTCCAATTTCTATAGAAAAATATT
ATGTAAAATTACGGTATTTAAATTTAACTTCTAATCCAATATTTATTTATAATAAAGTA
TGATAAATGATAGATAGAATAGAAAGAGTAGTGTATGAGGATCACGATTGATTGTAAAT
GAGATAGAATACAAATAGTAGTGTATGACGATCAGAAGGATTTGTATAAACGTATTTAT
GTTGATTTAGAAAGAAAAGAAAGGGAAGAATTGATAGTCAGAAAACAAAAAATAAAAG
TTGGATTATGAAAGAAGACATTATGAACTTTGTCTCTATCTCTCTCTCTCTCACACACAC
ACACACTATAAACAAAAACAAAGGGATTGTTTAGTGTTTTCTTAAATAGCAATTTTGGG
CTATGCCCAACTTTGTCCTTATCCATGCATTTGGATTTCCCATTCTAAACCCCATCGTCTC
TTCTCTCTCTCTCTCTCTTTGTTTTTATTCTCTCTATTTTTCTTTTTTTTGGCATTCAAA
GTCAAATCACGAGACGATGTACAGTGACAATAAACTCACAAAGAAAGGGGAAAAAAATA
AAGGGAAAAAAAACTCTCTTTTGCAGCTTTAAATTGCAGATGGCAACCGCATTCACTTCC
ATACGCGGAGAAGCATCAATTTCACACCTCAATTTTGTCCCTTCACTTTCATTTTCATTG
CTTTCCTCCCATTCAATTCTTTATTTGCCTCCCCTGCTTCTGACACTAACTCTTTTTCTGA
TTTCTATTGTTTTTTCTTTTAATATTCTGGGGCTGCTGGATTTGCGTTTTCCTACATGTG
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GAGAGGCACTATATTCTTTTCCCACCAAGCACAAGAATCCGTTCGATTTCTGGATCGGTT
ACCGGGATTTTAGGGATGGGTCTGTTCAGTATCAAACATGGGTTTTTTTTAGTTTTTTTG
TCTTTGGTTTAGTACTTTGTCCGTACCTCTTTGAATCTCTGATGGGTTCTTTTTGGGAAA
GGTTTTCGTGTGTGAATTGAGAGAAGAAGGAAGTGAGGAAGTGCACTGAAGGTGTTTGA
TAAAAGTCGCGAGTGAAGAGATGGGTTCTGGTAATGGTTTTTATTCCACTAGTGAATTCA
ATTTGGATGCCAAATGGTTGATTGATCCTAAGCATCTTTTTGTTGGGCCAAAGATTGGGG
AAGGTGCCCATGCCAAGGTGTATGAGGGAAAGTACGTTTTCTTTTTTCTGATGTCAATTG
CTTTTTTTTTTTTTTTTCTTTGTCTGTCTGAGATCAGATATATTAAAGGCCTTTCTGTCA
CTCTGTCTCTCTTTTTAAACTCTCTCTCTTTCTCCCTTTTCTCAGATACAAAAATCAGAT
TGTGGCTATCAAAATGGTGGGTAAAGGAGATACTCCTGAGAGGATGCCAGAAGGAGCCC

209 AL F=AH ZEZREH BA: 2oldA] 3 kinase ZZEE 9 A
22 golsly] ¢3lo], Pkinase-GUS construct® A &3t tl. A&

gt PCR primer= ¢ 3#4olA EE=2 %A 5 GAGAGTGTTTGGTGTAC 3
¢ 5 GTCGCGAGTGAAGAG 3 & °]-&31 2w, initiation ATG codon® =
FH °F 1.1 kb =714 DNAE Z =245ttt A% Pkinase-GUS ¥WEHE °f7]
el FHHdgste] T1 FAHAIAE R 219 45 A Qo]
NS gene-specific primer®} vector-gene specific primers

ggste] Belet oz FAASA 3,4, 6 W A FolA 7HF A 5H
el e F4E A&=skgith. 2o] promoter-GUS7F Z=1® o714 d2 ek
AE 373 wlgE 5 AAAd 2319 AL AgE 3 uF GUSe 2d Ak
E S48 Ad2 4-10C & o9 7HA A2 £231& A3 ¥ GUSe ¥
A A=s SASAY. 29 6= A 2313 4C oA 143 A2 Ad
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Gene 5’-Gene 3°  Vector 5’-Gene 3’
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1.1 kb

Y 4. 29| kinase TERE 7} AdH o7& FAHA3EA A 2] kinase
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Molecular cloning of a cDNA encoding a high mobility group protein in

Cucumis sativus and its expression by abiotic stress treatments

Published in Journal of Plant Physiology (2007) 164, 205-208.

Ji Young Jang, Kyung Jin Kwak, Hunseung Kang
Department of Plant Biotechnology and Agricultural Plant Stress Research
Center, College of Agriculture and Life Sciences, Chonnam National

University, Gwangju, 500-757 Korea
Summary

A cDNA encoding a high mobility group B (HMGB) protein was isolated
from Cucumis sativus and characterized with respect to its sequence,
expression, and responses to various abiotic stress treatments. The predicted
polypeptide of 146 amino acid residues contains characteristic features of
HMGB family proteins including the N-terminal basic region, one HMG-box,
and a stretch of acidic amino acid residues at the C-terminus. In vitro nucleic
acid-binding assay revealed that the HMGB protein bound to both
single-stranded DNA and double-stranded DNA. DNA gel blot analysis
indicated that the HMGB gene is a single copy gene in cucumber genome.

RNA gel blot analysis showed that the cucumber HMGB was more
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abundantly expressed in the roots than in shoots and leaves. Various abiotic
stresses, including cold, drought and high salinity down regulated markedly
the expression of the HMGB in cucumber. The present report identifies a
novel gene encoding HMGB protein in cucumber that shows a significant

response to abiotic stress treatments.

Key words: Abiotic stress; Cucumber; Cucumis sativus, High mobility group

protein; HMG-box

Introduction

High mobility group (HMG) proteins are small and relatively abundant
chromatin-associated proteins found in the nuclei of higher eukaryotes. The
HMG proteins are subdivided into 3 families: the HMGB (formerly
HMG-1/-2) family, the HMGN (formerly HMG-14/-17) family, and the
HMGA (formerly HMG-I/Y/C) family (Bustin and Reeves, 1996; Bustin,
2001). HMGB proteins appear to act primarily as architectural facilitators in
the assembly of nucleoprotein complexes, which contribute to the regulation of
transcription and recombination (Thomas and Travers, 2001 Klosterman and
Hadwiger, 2002). The cDNAs encoding HMGB proteins have been cloned
from various plant species (Grasser and Felix, 1991; Webster et al., 1997,
Yamamoto and Minamikawa, 1998, Wu et al., 2003). Sequence comparison
revealed that the plant HMGB proteins contrast to animal counterparts in that
plant proteins contain only one HMG-box, whereas animal proteins contain
two HMG-boxes (Grasser 1998; Ritt et al., 1998).

Higher plants have a family of HMGB proteins, and the various plant
HMGB proteins differ in their chromatin association (Agresti and Bianchi,
2003), DNA interactions (Stemmer et al, 2002), and expression pattern
(Stemmer et al., 1999). Plants are somewhat different from other eukaryotes
in that plants have a variety of HMGB proteins, whereas other organisms

usually express only two closely related HMGB proteins (Grasser, 1998). The
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presence of various HMGB proteins in plants implies that they may be
adapted to perform a variety of functions in the nucleus. Despite the
increasing number of the reports for DNA and protein sequences of HMGB
proteins in plants, relatively little is known about the stress-related
expression and function of HMGB proteins in plants. Here we report the
cloning of a ¢cDNA encoding a HMGB protein in cucumber, and its expression

pattern in response to abiotic stress treatments.

Materials and methods

The cucumber (Cucumis sativus L.) cDNA library was constructed using a
Uni-ZAP 1II vector according to the manufacture’s instructions (Stratagene, La
Jolla, CA, USA). Partial DNA sequence for the HMGB protein was obtained
from our massive sequencing analysis of the genes expressed in cucumber
roots, and this partial DNA sequence was used as a probe to screen 5 X
106plagques of the cucumber cDNA library. The cDNA clones hybridized to
the probe were subjected to in vivo excision and sequenced by the dideoxy
chain termination method using the ABI Prism 3700 DNA sequencer (Perkin
Elmer, Boston, MA, USA).

For nucleic acid-binding assay, the DNA sequence encoding HMGB
protein was cloned into the pET-22b(+) vector (Invitrogen, Carlsbad, CA,
USA), and the labeled proteins were synthesized by  coupled
transcription-translation (Promega, Madison, WI, USA) in the presence of
[35S]methionine. Homoribopolymers [poly(A), poly(U), poly(G), and poly(C)]
attached to agarose beads and single-stranded and double-stranded calf
thymus DNA attached to cellulose beads were obtained from Sigma(St. Louis,
MO, USA). Nucleic acid-binding assay was performed as described previously
(Kim et al.,, 2005).

DNA gel blot analysis was performed by using the digoxigenin-labeled
cucucmber HMGB probe that was generated by the PCR method as

suggested by the manufacturer (Roche Applied Science, Penzberg, Germany).
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For RNA gel blot analysis, ten micrograms of total RNA isolated from roots,
leaves, and shoots were fractionated and hybridized with the probe. For the
detection of HMGB transcripts in stress—treated samples, the real-time
quantification of RNA target was performed as described previously (Kim et
al.,, 2003) in the Rotor-Gene 2000 real-time thermal cycling system (Corbett
Research, Sydney, Australia) with the forward primer (GY
AATGGAAGTCAATGTCCGACGCTG 3') and the reverse primer (5
CATTCCCTCCCTCCGCAATTCTC 3').

For cold treatment, the two-week-old cucumber plants were incubated
with their roots submerged into a hydroponic growth medium (Cooper, 1975)
maintained at 8°C in a growth chamber. For high salinity treatment, the
cucumber plants were incubated with their roots submerged into the water
containing 250 mM NaCl in a growth chamber. For drought treatment, the
whole cucumber plants were place on a filter paper and then placed further in

a growth chamber maintained at 22°C.

Results and discussion

Sequence analysis (Fig. 6)showed that the cucumber HMGB insert was
915-bp long and contained a 438-bp open reading frame, flanked by a 157-bp
5’ -untranslated region and a 398-bp 3’'-untranslated region, including an 22
bp-long poly(A) tail (GeneBank accession no. DQ010042). The ORF encodes a
146-amino acid polypeptide with a predicted molecular mass of 159 kD. The
deduced protein is basic with an isoelectric point of 8.6. Hydropathy and other
motif analyses of the deduced amino acid sequence showed that the cucumber
HMGB protein is hydrophilic and contains no N-terminal signal sequence
(data not shown). The predicted amino acid sequence of the cucumber HMGB
protein has high similarity to other HMGB proteins from Zea mays (71%
identity), Nicotiana tabacum (63% identity), Arabidopsis thaliana (75%
identity), and Canavalia gladiata (75% identity). The cucumber HMGB protein
had the characteristic conserved motifs of the HMGB1 and 2 proteins
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including N-terminal basic region, one HMG-box, and C-terminal polyacidic
region (Bustin and Reeves, 1996). Analysis of nucleic acid-binding property of
the cucumber HMGB protein showed that the cucumber HMGB protein bound
well to both single-stranded DNA and double-stranded DNA (Fig. 7) in the
presence of different NaCl concentrations, indicating that the cucumber HMGB
isolated in this study does encode HMGB protein.

DNA gel blot analysis revealed that one band was detected in the DNA
digested with HindIII or Ncol that could not cut cucumber HMGB, and two
bands were observed in the DNA subjected to double digestion with HindIII
and Ncol (Fig. 8A), suggesting a single-copy gene for cucumber HMGB.
RNA gelblot analysis showed that the cucumber HMGB was more abundantly
expressed in the roots than in shoots and leaves (Fig. 8B).

Figure 9 shows the pattern of HMGB mRNA accumulation over time in
the cucumber plants exposed to different abiotic stresses including cold,
drought, and high salinity. The transcript levels of HMGB decreased markedly
in cucumber by cold, drought, or high salinity stress. The decrease in HMGB
expression in cucumber was rapid in that its mRNA level dropped to 50 to
70% of the control level 2 h after cold or drought treatment. After one day of
stress treatment, the transcript level of HMGB decreased to 25, 10, or 30% of
the control in the cucumber plants subjected to cold, drought, or salt stress,
respectively. The transcript level of HMGB further decreased to 2-5% of the
control two days after stress treatments.

In summary, the cloning and stress-related expression of a HMGB gene
are presented here for the first time from cucumber. HMGB are versatile
architectural factors assisting DNA-dependent processes such as transcription
and recombination (Thomas and Travers, 2001). However, little is known
about the regulation of HMGB itself by environmental factors. The present
report not only adds to the database a novel ¢cDNA encoding HMGB protein
in cucumber but also provides information about its regulation by various
abiotic stresses, including cold, drought, and high salt, which will be useful to

further study its function in stress adaptation process in cucumber.

_38_



Acknowledgment

This work was supported by a grant from Agricultural R&D Promotion
Center, Korean Ministry of Agriculture and Forestry (ARPC Grant 204062-3).

References

Agresti A, Bianchi M. Curr Opin Gen Dev 2003;13:170-78.

Bustin M. Trends Biochem Sci 2001;26152-53.

Bustin M Reeves R.Progr Nucl Acid Res Mol Biol 1996;54:35-100.

Cooper AJ. Sci Hort1975;3:251-58.

Grasser KD. Trends Plant Sci 1998;3:260-65.

Grasser KD, Felix G. Nucleic Acids Res 1991;19:2573-77.

Kim JS, Kim YO, Ryu HJ, Kwak YS, Lee JY, Kang H. Plant Cell Physiol

2003;44:412-19.

Kim YO, Kim JS, Kang H. Plant J 2005;42:8390-900.

Klosterman SJ, Hadwiger LA. Plant Sci 2002; 162:855-866.

Ritt C, Grimm R,Fernandez S, Alonso JC, Grasser KD. Biochemistry
1998;37:2673-81.

Stemmer C, Grimm R, Grasser KD.Plant Mol Biol 1999;41:351-61.

Stemmer C, Fernandez S,G, Alonso JC, Grasser KD. Biochemistry
2002;41:7763-70.

Thomas JO, Travers AA. Trends Biochem Sci 2001;26:167-74.

Webster CI, Packman LC, Pwee K-H, Gray JC. Plant J 1997;11:703-15.

Wu Q, Zhang W, Pwee KH, Kumar PP. Gene 2003;312:103-9.

Yamamoto S, Minamikawa T. Biochim Biophys Acta 1998;1396:47-50.

_39_



1 ggcacgaggcacacgcactcaaagccaatctcaaaaccgcatcacacgaacctaactata
61 agccatacccaatttttttctcctcatatttcactctcacactctttecttatcttctte

121 ttccttctecaaaccctagagttttacaggattcatcatgaagggcggaaaatccaaggg
M KGGK S K G 8

181 ggcgectaaaaagaccgataccaagttgaaaagcaaaagtgctggagctagtaagaaate
APKKTDTIKLIKSKSAGASIKIKS 28

241 agcgaaggctgcaaaggatcctaacaagccaaagaggectgcetagtgetttettegtttt
AAKAAKDZPNIKPKRPASAFFVF 4

301 catggaagagttcaggaagcaatacaagaaggaacatcctaacaacaaatcegtegetge
M EEVFRIKQYKKEHPNNIKSVAA 68

361 tgttggaaaggctggtggtgataaatggaagtcaatgtccgacgctgagaaageacctta
V G K AGGDI KWK SMSDAETZKAPY 8

421 cataaacaaggctgagaaaaggaagactgagtataacaagagcatgcaggcttataataa
I NK AEKRKTEYNIKSMOQAY N K108

481 gagaattgcggagggagggaatggagctgaagaagaagaatcagataaatccaaatcaga
R 1 AEGGNGAEEEESDIKSK S EI128

541 agtcaatgatgacgatgaagatgatgatgagagtggagaggacgaagatgatgagtaaat
VNDDDEGDDDESGETDTETDTDE * 146

601 gtttaggagacgaggaatgatggggtggaagaacaagcgtttaattccticatagttcgg
661 agctgaaacactcagcaatttagatttttctttattatgtcttggataaatagctacttc

721 ttttttccttttttttttttgggtaattaggatagaatgggagaaacgaaatcaaaacaa
781 agggaaggttcgtgtttgatgttagatttcttaagttgacaaggatatgtattcaaggaa

841 aaatctgtgttagtaattgcacaatgattcagttttagttccattattctacgaaaaaaa
901 aaaaaaaaaaaaaaa

Figure 6. The nucleotide and deduced amino acid sequence of cucumber

HMGB protein. Numbers of nucleotide and amino acid sequence

are indicated on the left and right, respectively.
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Figure 7. Nucleic acid-binding property of the cucumber HMGB protein. The
355-labeled @ HMGB  proteins were mixed with  various
concentrations of ssDNA and dsDNA bound to agarose beads under
different NaCl concentrations. Bound proteins were separated by
SDS-PAGE and the protein bands were visualized by an Image

analyzer.
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Figure 8. (A) DNA gel blot and (B) RNA gel blot analyses of cucumber
HMGB. Genomic DNA (5 ug) digested with either Hind III (H),
Nco I (N), or Hind III + Nco I (H+N) was size-fractionated on
0.8% agarose gel, blotted, and hybridized with the probe. For RNA
gel blot analysis, ten micrograms of total RNA isolated from roots,
leaves, and shoots were fractionated and hybridized with the
probe. Ethidium bromide staining of rRNA is presented to show
equal loading of the RNA.
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Figure 9. Expression of the cucumber HMGB in response to abiotic stress
treatments. Total RNAs were isolated from the root tissues
subjected to cold, drought, or salt stress, and 200 ng of total RNA
was used for real-time RT-PCR. The transcript levels of HMGB
were plotted as the percentages of the non-stressed control. The
presented data are averages and standard errors (bars) of three

independent experiments.
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Transgenic Arabidopsis plants expressing an aquaporin isolated from

cucumber and figleaf gourd respond differently to abiotic stresses
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Abstract

Plasma membrane intrinsic proteins (PIPs), also referred to as aquaporins, are
known to control water transport in the growth, development, and stress
responses of plants. Here, we isolated one aquaporin gene, designated
CsPIP11, from cucumber and one aquaporin gene, designated CfPIP21, from
figleaf gourd, and compare their roles in stress responses. The expression of
CsPIP11 was significantly reduced by drought or cold stress, and was

marginally elevated by salt stress. By comparison, the levels of CfPIP21
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transcript increased markedly by cold or salt stress. To gain insight whether
the expression of the aquaporin alters the responses of plants to a variety of
stress conditions, we evaluated transgenic Arabidopsis plants that
constitutively express CsPIP11 or CfPIP21. CfPIP21 expression induced a
reduction in water loss and had a positive impact on the growth of
Arabidopsis under dehydration stress conditions, whereas CsPIP11 expression
exerted a negative effect on the growth of Arabidopsis under dehydration
stress conditions. CsPIP11 or CfPIP21 expression facilitated seed germination
under high salt stress conditions but had no influence on the growth of
Arabidopsis under cold stress conditions. The expression of endogenous
Arabidopsis PIP members was affected by the expression of CsPIP1;1 or
CfPIP2;1 under stress conditions. Our results indicate that the ectopic
expression of a foreign aquaporin gene perturbs differently the natural
expression patterns of endogenous aquaporin genes depending on particular
stress conditions. This implies that the up- and/or down-regulation of
aquaporins and their integrated functions are crucial to the maintenance of

proper water balance under stress conditions.

Key words: Abiotic stress, aquaporin, cucumber, figleaf gourd, transgenic

Arabidopsis plants, water transport.

The nucleotide sequences for cucumber aquaporin and figleaf gourd aquaporin

are deposited to the GenBank databaseunder the accession number EF202176

and EF202177, respectively.

Introduction

Major intrinsic proteins (MIPs) are membrane proteins that mediate the

movement of water across membranes and regulate root hydraulic

conductivity in response to changing environmental conditions. The large and

_45_



evolutionary conserved family of MIPs has evolved to facilitate the flow of
small molecules such as water and/or glycerol across the hydrophobic
interiors of the membranes. Plant MIPs can be classified into four subfamilies
on the basis of their sequence similarity (Johanson et al.,, 2001). Two of the
subfamilies, namely the plasma membrane intrinsic proteins (PIPs) and
tonoplast intrinsic proteins (TIPs), are named in accordance with their
primary locations within the cell. The PIPs are thought to be involved in
water exchange between the environment and the plant cells, whereas the
TIPs are believed to participate in the osmotic equilibrium between the
cytosol and the wvacuoles. The third subfamily, referred to as either the
NOD26-like MIPs (Weig et al, 1997) or the NODZ26-like intrinsic proteins
(NIPs) (Heymann and Engel, 1999), was initially identified in the membranes
of root nodules in soybean (Glycine max) (Fortin et al., 1987). The fourth
MIP subfamily, referred to as the small basic intrinsic proteins (SIPs) and
consisting of relatively small and basic proteins, was first proposed in plants
(Johansson et al., 2000, Chaumont et al., 2001). The properties, subcellular
localization, primary transport, and regulation of plant aquaporins have been
described in detail (Schiffner, 1998; Tyerman et al.,, 1999; Baiges et al., 2002;
Javot and Maurel, 2002 Tyerman et al., 2002 Kaldenhoff and Fischer, 2006;
Maurel, 2007).

The water transport activity of some aquaporin genes has been verified
both in vitro, using a Xenopus laevis oocyte system, and in vivo,via the
expression of an antisense construct of PIPs in Arabidopsis thaliana
(Kaldenhoff et al., 1998, Martre et al., 2002) and tobacco (Siefritz et al., 2002).
The cellular function of specific aquaporin homologues can be inferred on the
basis of distinct subcellular localizations or on tissue-specific expression
patterns. Investigations into the function of specific isoforms constitute a
crucial objective for the implementation of our molecular understanding of
water relations in plants. Moreover, the significance of each aquaporin in
different parts of plants under various physiological conditions must be

verified. The rapid regulation of individual aquaporin genes in response to
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salt, drought, or cold stress has been reported in several plant species
(Kawasaki et al.,, 2001; Smart et al, 2001 Jang et al., 2004; Alexandersson et
al., 2005; Boursiac et al.,, 2005; Sakurai et al., 2005 Zhu et al., 2005, Aroca et
al,, 2006, Yu et al, 2006, Galmes et al., 2007, Secchi et al., 2007). It was
demonstrated that aquaporin downregulation 1s the principalcause of
salt-induced reduction in hydraulic conductivity in plants (Carvajal et al.,
1999; Martinez-Ballesta et al., 2000, 2003). Recent physiological and genetic
studies have provided compelling evidence for a role of aquaporins in the
regulation of water transport under stress conditions (Martre et al., 2002;
Siefritz et al., 2002; Aharon et al, 2003; Katsuhara et al, 2003;
Tournaire-Roux et al., 2003 Lian et al., 2004; Yu et al., 2005; Peng et al.,
2007). However, the molecular and cellular mechanisms relevant to the
regulation of aquaporin under stress conditions remain to be clearly
elucidated. Moreover, the function of each individual aquaporin isoform and
the integrated function of the plant aquaporins in a variety of physiological
processes remain poorly understood.

To gain further insight into the roles of aquaporins in plants under
various physiological conditions, it is important to determine the response and
expression of aquaporin genes under different environmental conditions. In
particular, isolation, characterization, and expression analysis of the PIPs
believed to be involved in water exchange between the environment and plant
cells in different plant species are indispensable steps toward our
understanding of the functions and relevance of PIPs in the responses of
plants to environmental stimuli. Cucumber and figleaf gourd have been used
as the model plants in our group to study water relation under stress
conditions, and our previous results showed that gating of aquaporins is
different in the roots of chilling-sensitive cucumber and chilling—tolerant
figleaf gourd under low temperatures (Lee et al., 2005a, 2005b). Herein, as a
step toward understanding the functions of aquaporins in the responses of the
two plants to environmental stresses, two genes encoding PIP-type

aquaporins were isolated from cucumber and figleaf gourd, and their roles in
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stress responses were evaluated in transgenic Arabidopsis plants.

Materials and methods

Plant materials and stress treatments

Seeds of the cucumber (Cucumis sativus L.) and figleaf gourd (Cucurbita
ficifolia Bouche) plants were germinated in the dark at 27°C, and four—-day-old
seedlings were transferred to incubators harboring modified nutrient solution
(Cooper, 1975). The cucumber and figleaf gourd plants were grown at 27°C
with 60% constant relative humidity with a 13-hr-light/11-hr-dark photocycle.
The 14-day-old seedlings were used for the analyses conducted in this study.

Two-week-old cucumber and figleaf gourd seedlings were subjected to
stress treatments. For cold stress treatment, the seedlings were incubated for
the indicated time period with their roots submerged in a nutrient solution
maintained at 82?7 within a growth chamber. For high salinity or dehydration
stress treatments, the seedlings were incubated for the indicated time period
with their roots submerged in nutrient solutions containing either 100 to 250

mM NaCl or 200 to 400 mM mannitol, respectively, within a growth chamber.

Germination and seedling growth assays under stress conditions

Arabidopsis seeds from individual plants grown under identical environmental
conditions were harvested on the same day and used for germination and
seedling growth assays. Germination assays were conducted on three
replicates of 30 to 60 seeds. The seeds were sown on half-strength
Murashige and Skoog (1962) (MS) medium supplemented with 1.5% sucrose,
and the plates were kept in darkness at 4°C for 3 days, then transferred to
normal growth conditions. Arabidopsis was grown at 23°C under long-day
conditions (16-hr-light/8-hr-dark photocycle). To determine the effects of salt

or dehydration stress on germination, the medium was supplemented with
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various concentrations of NaCl ranging from 50 to 150 mM or mannitol in a
concentration range of 200 to 400 mM, respectively. To determine the effect
of cold stress on germination, seeds were germinated in an incubator
maintained at 11-15°C under white light. A seed was considered to have
germinated when the radicle protruded through the seed coat. To determine
the effects of salt or dehydration stress on seedling growth, three-day-old
seedlings germinated in normal MS medium were transferred to media
supplemented with various concentrations of NaCl or mannitol, and seedling
growth was monitored for 10 to 20 days. To evaluate the effects of cold
stress on seedling growth, the seeds were permitted to germinate fully under
normal growth conditions, and the seedlings were then transferred to an
incubator maintained at 11 to 15°C. The plates were positioned vertically
within a growth chamber, and the lengths of roots were measured under

these stress conditions.

Oocyte swelling assay

The cDNAs for CsPIP11 and CfPIP21 subcloned into the X. laevis oocyte
expression pNBC vector were digested with Not I, and the capped RNA
transcripts of CsPIP1 and CfPIP21 were synthesized in vitro using the
RiboMAXTM Large Scale RNA Production System (Promega, Madison, WI,
USA). The mature oocytes were isolated from adult X. laevis and stored in
ND96 buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 5 mM
HEPES, 25 mM Na-pyruvate, pH 7.4) containing streptomycin (10 ug/ml).
The follicular cell layer was removed via 2 h of incubation with 2 mg/ml of
collagenase in ND96 buffer at 25?7 with continuous gentle agitation. The
defolliculated-oocytes were injected with 50 nl of cRNA (1 mg/ml) or water
using an injector. The oocytes were incubated for 3 days at 18?7 in ND96
buffer prior to the taking of water permeability measurements. Individual
oocytes were transferred from ND96 buffer to a five-fold diluted ND96 buffer

with distilled water, and oocyte swelling was characterized under a
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microscope at 30 s intervals.

RNA extraction, reverse-transcription PCR, and real-time RT-PCR

Total RNA was extracted from the frozen samples using the Plant RNeasy
extraction kit (Qiagen, Valencia, CA, USA). One microgram of total RNA was
used in an RT-PCR system (Qiagen) together with gene-specific primers.
The real-time quantification of RNA targets was conducted in aRotor-Gene
2000 real-time thermal cycling system (Corbett Research, Sydney, Australia)
using the QuantiTect SYBR Green RT-PCR kit (Qiagen) as described
previously (Kim et al., 2005). The gene-specific primers for the quantification
of the RNA transcripts were as follows: for CsPIP1;1, forward primer 5’
GGTGGAGCTAACGTTGTGAGCGAC 3’ and reverse primer 5’
GGCGCTACGTTTAGCATCAGTGG 3" for CfPIP2;1, forward primer 5’
CAGAAGGGTCTCTATCATCGCTACG 3’ and  reverse primer 5’
TGGGATCTGTAGCAGAGAAGACAGTG 3" for ACTIN, forward primer 5’
GGTAACATTGTGCTCAGTGGTG 3’ and reverse primer 5
AACGACCTTAATCTTCATGCTGC 3'.

Vector construction and plant transformation

The coding regions of CsPIP11 and CfPIP21 cDNA were prepared by PCR
and ligated into pGEM T-easy vector (Promega). The vector was then
digested with Xbal and BamHI, and the DNA fragment was subcloned into
the pBI121 vector linearized via double digestion with the same restriction
enzymes. All DNA manipulations were conducted according to the standard
procedures (Sambrook et al., 1989), and the PIP-coding regions and junction
sequences were verified by DNA sequencing. Arabidopsis was transformed
according to the vacuum infiltration method (Bechtold and Pelletier, 1998),
using Agrobacterium tumefaciens GV3101. The seeds were harvested and

plated on kanamycin (50 ug/ml) and carbenicillin (250 ug/ml) selection media
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to identify the transgenic plants. After the further selection of transgenic lines
with a segregation ratio of 3:1, the T3 or T4 homozygous lines were used for

the phenotypic investigations.

Cell pressure probe measurements

The cell pressure probe measurements were conducted essentially as
previously described (Lee et al., 2005a). An oil-filled glass capillary tube with
a tip diameter ranging from 6 to 8 um was attached to the probe. The leaves
of Arabidopsis were fixed on a metal sledge, and the nutrient solution was
poured along the leaves during the experiments. The capillary tube was
inserted into the midrib cell of the leaf. Hydrostatic pressure relaxations were
induced by rapidly moving the meniscus using the micrometer screw of the
probe, and maintaining it at the new position until a steady pressure was
again achieved. The pressure vs. time curve was recorded, from which the
Twl/2 was evaluated. When the turgor pressure was stable, 3 to 4

1/2

hydrostatic pressure relaxations were induced to measure Ty '~ prior to the

exposure of the cells to different conditions, including high salt (100 mM
NaCl) or dehydration (100 mM mannitol).

Statistical analysis

Data were square root-transformed prior to analysis, and differences in
Twl/2and gene expression levels between the wild-type and transgenic plants
were compared by t-test (p 0.05; SigmaPlot software; Systat Software, Inc.).

Results

Isolation and characterization of the genes encoding CsPIP11 and CfPIP21
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Both PCR amplification and cDNA library screening were employed to isolate
the PIP genes expressed in the cucumber and figleaf gourd. Two cDNAs
encoding aquaporin were isolated from the cucumber and figleaf gourd cDNA
libraries. The amino acid sequences of the two aquaporins were compared
with those of Arabidopsis PIP-type aquaporins, and a phylogenetic tree was
generated (Fig. 10A). The PIP isolated from the cucumber is a PIPl-type
aquaporin, and thus was named CsPIP11, and the PIP isolated from the
figleaf gourd belongs to the PIP2-type aquaporin, and was thus named
CfPIP21. The nucleotide sequences of CsPIP1;1 and CfPIP2;1 were deposited
in the GenBank database under the accession numbers EF202176 and
EF202177, respectively. Sequence analysis indicated that the CsPIP11 insert
was 1,044-bp long and harbored an 879-bp open reading frame, flanked by a
23-bp 5'-untranslated region and a 142-bp 3’'-untranslated region, including a
21 bp-long poly(A) tail. The open reading frame encodes a 293-amino acid
polypeptide with a predicted molecular mass of 31.4 kDa. The deduced protein
has a predicted isoelectric point of 7.79. The CfPIP21 insert was 1,204-bp in
length and harbored an 855-bp open reading frame, flanked by a 36-bp
5 -untranslated region and a 313-bp 3'-untranslated region, including a
19bp-long poly(A) tail. The deduced protein has a predicted molecular mass
of 30.1 kDa and a predicted isoelectric point of 8.02.

Water channel activity of CsPIP1;1 and CfPIP21

To determine whether the two PIPs isolated from the cucumber and figleaf
gourd do function as water transport channels, the water transport activities
were assessed via an X. laevis oocyte-swelling assay. Complementary RNAs
corresponding to CsPIP11 and CfPIP21 were synthesized in vitro, quantified,
and injected into Xenopus oocytes. After 2 to 3 days of incubation at 180C in
ND96 solution (200 mosmol), the oocytes were transferred to 5-fold diluted
buffer solution, and the changes in the volumes of the oocytes were

monitored under a stereomicroscope. The volume of control oocytes injected
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with water and the oocytes injected with CsPIP11 remained unchanged,
whereas the volume of oocytes injected with CfPIP21 increased noticeably in
the 5-fold diluted buffer solution (Fig. 10B). These results indicate that
CfPIP21 has water channel activity in an oocyte system. As it was reported
that the PIP1 family members tend to exhibit lower or no water channel
activity in an oocyte system (Chaumont et al., 2000), it was unsurprising to

see that CsPIP1;1 evidenced no water channel activity in the oocytes.

Effect of abiotic stresses on the expression of CsPIP11 and CfPIP21

The tissue-specific expression patterns of CsPIP1;1 and CfPIP2;1 were
examined in cucumber and figleaf gourd plants, respectively. As shown in
Fig. 11A, CsPIP1;1 was abundantly expressed in the roots as compared to the
shoots and leaves, and CfPIP2;1 was expressed more abundantly in the roots
and leaves than in the shoots. To determine the effects of various abiotic
stresses, including cold, drought, and high salinity on the transcript levels of
CsPIP11 and CfPIP21, the plants were subjected to the indicated treatments,
and the expression levels of the gene were evaluated via real-time RT-PCR
with gene-specific primers. As shown in Figs. 11B and C, drought stress
most significantly altered the expression of CsPIP11 the level of CsPIP11
expression was reduced to one-sixth after 24 h of drought stress treatment.
By comparison, CfPIP2;1 expression initially increased during the first 4 h of
drought stress, and then declined to pre-stress levels. When subjected to cold
stress, the level of CsPIP11 expression remained constant during the first 4 h,
and then gradually declined to lower levels, while the level of CfPIP21
expression increased gradually during the application of cold treatment. The
transcript levels of CsPIP11 and CfPIP2lincreased under salt stress, in that
CsPIP11 was up regulated twofold and CfPIP21 was up regulated by up to
fourfold during the 48 h of salt stress.
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Fig. 10. (A) Phylogenetic analysis of the deduced amino acid sequences of
cucumber and figleaf gourd aquaporins with those of Arabidopsis
PIP-type aquaporins. (B) Assay of water permeability of CsPIP1;1
and CfPIP2;1 in X. laevis oocytes. Oocytes were separately injected
with 50 ng of CsPIP11 cRNA, CfPIP21 cRNA, or water (control),
and the changes in oocyte volume were plotted against time. Values

are means +* SE obtained from five independent experiments.
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Fig. 11. The expression pattern of CsPIP11 and CfPIP21 in the cucumber and
figleaf gourd. (A) CsPIPlland CfPIP21 expression levels in different
tissues of the cucumber and figleaf gourd plants were analyzed by
Northern hybridization. Each lane contained 15 g of RNA isolated
from roots, leaves, and shoots. The transcript levels of (B) CsPIP11
and (C) CfPIP21 in the plants exposed to cold, drought, or salt
stress for 4, 12, 24, and 48 h were plotted as the relative expression
(fold) of the non-stressed control. Values are means + SE obtained

from three independent experiments.
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Expression of CsPIP11 or CfPIP21 does not enhance plant vigor under

favorable growth conditions

To determine whether the expression of the aquaporins isolated from
cucumber and figleaf gourd alters the responses of plants to a variety of
stress conditions, we generated transgenic Arabidopsis plants that
constitutively expressed CsPIP11 or CfPIP21 under the control of the
cauliflower mosaic virus 35S promoter (35S::CsPIP11 or 35S::CfPIP21 plants),
and the expression of CsPIP11 and CfPIP21 in the T3 transgenic plants was
verified by RT-PCR analyses (Fig. 12A). To assess the effects of CsPIP11 or
CfPIP21 expression on plant growth under favorable growth conditions, we
analyzed the seed germination and seedling growth of the wild-type and
transgenic plants under normal growth conditions. No significant differences
in germination and seedling growth were observed among the wild-type and
transgenic lines (Figs. 12B and C). Cell pressure probe measurements
supported the notion that CsPIP1;1 and CfPIP2;1 did not affect the growth of
transgenic Arabidopsis plants under favorable growth conditions; the Tw'? of
midrib cells in the wild-type, 35S:CsPIP1;1 and 35S::CfPIP2;1 plants was
approximately 2 s with no significant differences (Table 5). These
observations show that the expression of CsPIP11 or CfPIP21 does not

enhance plant vigor under favorable growth conditions.

Response of CsPIP11- or CfPIP21-expressing plants to dehydration stress

We then evaluated the effects of CsPIP11 or CfPIP21 expression on the
germination and growth of Arabidopsis plants under dehydration stress
conditions. When the seeds of wild-type, 35S::CsPIP11, and 35S::CfPIP21
Arabidopsis plants were germinated in the presence of 25% PEGS8000,
approximately 70% of the wild-type and 35S::CfPIP21 seeds germinated at
day 2, while only 45-55% of the 35S::CsPIP11 transgenic seeds germinated at
day 2 (Fig. 13A). To further assess the effects of CsPIP1l1 or CfPIP21
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expression on the growth performance of Arabidopsis plants under drought
stress, water was withheld from 2-week-old Arabidopsis plants, and the
phenotypes of the plants were monitored for several days. It was apparent
that the 35S::CsPIP11 plants wilted far more quickly and survived for
significantly less time than did the wild-type plants, whereas the
35S:CIPIP21 plants survived better than the wild-type plants (Fig. 13B).
These observations show that CsPIP11 negatively affects the seed
germination and growth of Arabidopsis, whereas CfPIP21 positively affects
plant growth under drought stress conditions.

Given that CsPIP1;1 or CfPIP2;1 expression in Arabidopsis plants
induced faster or slower wilting of the plants, respectively, under dehydration
stress conditions, we then attempted to determine whether these changes in
phenotype are related directly to the water transport activities of aquaporins
under dehydration stress conditions. The cell pressure probe measurements
were conducted on the leaves of transgenic Arabidopsis plants. When osmotic
stress was applied to the leaves by the addition of 100 mM mannitol to the
medium, the Twl/2 of midrib cells in the wild-type plants increased by up to
11 s, whereas those in the 35S:CsPIP1;1 and 35S::CfPIP2;1 transgenic lines
increased to 715 s and “25 s (Table 5), respectively. This result indicates that
the midrib cells in the 35S:CfPIP2;1 plants lost less water than did the
wild-type and 35S::CsPIP1;1 plants under dehydration stress conditions. These
results, coupled with the observation that CfPIP2;1 expression exerted a
positive impact on plant growth under dehydration stress conditions (Fig.
13B), suggest that CfPIP2;1 may enhance dehydration tolerance by reducing

water loss from the leaves to the atmosphere.
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Fig. 12. Confirmation of the transgenic lines and growth of the wild-type
and transgenic plants under normal growth conditions. (A) RT- PCR
analysis of CsPIP11 and CfPIP21 expression in the wild-type plants
and independent transgenic Arabidopsis lines (T1, T2, and T3). (B)
Germination of the wild-type (Col-0) and transgenic Arabidopsis
plants (Cu-T17T3 and Fg-T17T3) was measured on MS medium.
(C) Root lengths were measured on days 2 and 4.
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Fig. 13. Growth of the wild-type and transgenic Arabidopsis plants under
dehydration stress conditions. (A) Germination of the wild-type
(Col-0) and transgenic (Cu-T1"T3 and Fg-T1°T3) Arabidopsis
plants was measured at day 2 on MS medium supplemented with
25% PEG8000. (B) Survival rates of 2-week-old Arabidopsis plants

subjected to dehydration stress. The wild-type and transgenic

Arabidopsis seedlings were photographed 2 weeks after transfer to
medium supplemented with 300 mM mannitol. Values are means =+

SE obtained from three independent experiments (n = 20-25).
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Response of CsPIP11- or CfPIP21-expressing plants to salt stress

The effects of CsPIP11 or CfPIP21 expression on the germination and
seedling growth of Arabidopsis plants under salt stress conditions were also
tested. When the seeds of the wild-type and transgenic plants were permitted
to germinate in the presence of 50 to 125 mM NaCl, no significant differences
in germination rates were observed between the wild-type and transgenic
plants. However, when the seeds were germinated in the presence of 150 mM
NaCl, the transgenic plants germinated more effectively than did the
wild-type plants (Fig. 14A). These results indicate that CsPIP11 and CfPIP21
enhance the germination of Arabidopsis plants under high salt conditions. To
determine whether the expression of CsPIP11 or CfPIP21 impacts the growth
of Arabidopsis under high salt stress conditions, the seeds of wild-type and
transgenic plants were allowed to germinate fully on normal MS medium, and
the 5-day-old seedlings were transferred to MS medium supplemented with
100 to 200 mM NaCl. No differences in root growth were detected between
the genotypes (data not shown), indicating that CsPIP1;1 and CfPIP2;1 affect
plant growth only during the germination stage. Cell pressure probe

measurements also supported the notion that CsPIP1;1 and CfPIP2;1 did not
affect the growth of transgenic Arabidopsis plants under salt stress
conditions. When high salinity stress was applied to the leaves by the
addition of 100 mM NaCl to the medium, the Tw"? of midrib cells in the
wild-type, 35S::CsPIP1;1 and 35S::CfPIP2;1 plants increased to ~ 5 to 7 s with
no significant differences (Table 5), indicating that the water transport

activities of the three genotypes are similar under salt stress conditions.
Response of CsPIP11- or CfPIP21-rexpressing plants to cold stress
As cold stress induced a reduction in CsPIP1;1 expression and an increase in

CfPIP21 expression, it was expected that CsPIP1;1 and CfPIP21 would have

impacts on plant growth and water transport under cold stress conditions. We
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assessed this hypothesis by comparing the germination and seedling growth
of the transgenic plants with those of wild-type plants under cold stress
conditions. At normal growth temperature (23°C), the germination of the
wild-type and transgenic Arabidopsis plants was initiated at day 1 and
completed at day 3 with no noticeable differences (Fig. 12B). When the seeds
were incubated at a low temperature (12°C), the seeds of the wild-type,
35S:CsPIP11, and 35S:CfPIP21 plants germinated with nonoticeable
differences (Fig. 14B). To determine whether CsPIP11 or CfPIP21 contributed
to the growth of Arabidopsis under cold stress conditions, the seeds of the
wild-type and transgenic plants were permitted to germinate fully for 3 days
at normal growth temperature, and the germinated seedlings were transferred
to a low temperature (12 or 15°C). As shown in Figure 14C, no significant
differences in seedling growth were detected between the wild-type and
transgenic Arabidopsis plants under cold stress conditions. These results
demonstrate that the expression of CsPIP1;1 or CfPIP2;1 exerts no influence
on the germination and seedling growth of transgenic Arabidopsis plants

under cold stress conditions.

Effect of CsPIP1;1 or CfPIP21 expression on the transcript levels of 13 PIP

genes of Arabidopsis plants under stress conditions

It is probable that the constitutive expression of a foreign aquaporin in a
given plant may disrupt the natural expression patterns of endogenous
aquaporin genes, which, in turn, influences the different responses of
transgenic plants to various abiotic stresses. Therefore, we attempted to
determine, by real-time RT-PCR analysis using the gene-specific primers
reported in Jang et al (2004), whether the transcript levels of 13 PIP genes
are modulated by the expression of CsPIP11 or CfPIP21 in the transgenic
Arabidopsis plants, under both normal and stress conditions. As shown in
Figure 6, the expression levels of 13 PIPs were altered in different ways by

the expression of CsPIP11 or CfPIP21 in Arabidopsis plants under various
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stress conditions. The transcript levels of 13 PIPs did not vary noticeably in
transgenic plants grown in normal MS medium, with the exception of the
down regulation of PIP2;4 and the up regulation of PIP2;8 (Fig. 15A).
However, it was apparent that the transcript levels of several PIP genes
varied more significantly in the transgenic Arabidopsis plants when they
were subjected to dehydration stress with 200 mM mannitol for 24 h (Fig.
15B). The expression of PIP1;5 and PIP2;2 increased by more than twofold in
the 35S:CfPIP2;1 plants compared with the wild-type plants under
dehydration stress conditions, whereas the transcript levels of PIP1;5 and
PIP2;2 increased only marginally in the 35S:CsPIP1;1 plants as compared
with the wild-type plants under dehydration stress conditions. The PIP2;4
expression increased by more than twofold in both the 35S::CsPIP1;1 plants
and 35S::CfPIP2;1 plants under dehydration stress conditions, as compared
with the wild-type plants. By comparison, the expression levels of PIP2;5 and
PIP2;8 were reduced in the transgenic plants under dehydration stress
conditions, as compared with the wild-type plants (Fig. 15B). When the
transgenic plants were subjected to salt stress, the expression levels of
PIP2;2 and PIP2;4 increased in the 35S::CsPIP1;1 plants and 35S:CfPIP2;1
plants, respectively, while the transcript levels of PIP2;5, PIP2;6, and
PIP2;7were reduced in the transgenic plants as compared with the wild-type
plants under salt stress conditions (Fig. 15C). These results clearly
demonstrated that the ectopic expression of a foreign aquaporin gene disrupts
the natural expression patterns of PIP genes in Arabidopsis plants under

stress conditions.
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Fig. 14. Growth of the wild-type and transgenic Arabidopsis plants under
high salt or cold stress conditions. (A) Germination of the wild-type
(Col-0) and transgenic Arabidopsis plants (Cu-T2, Cu-T3, Fg-T1,
and Fg-T3) was assessed on MS medium supplemented with 100 to
150 mM NaCl. (B) Germination of the wild-type (Col-0) and
transgenic (Cu-T1 T3 and Fg-T1°T3) Arabidopsis plants was
measured after incubation at 12°C (C) Root lengths were measured
10 days after incubation at 15°C or 12°C. Values are means * SE

obtained from four independent experiments (n = 20-25).
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Fig. 15. Effects of CsPIP11 or CfPIP21 expression on the transcript levels of
13 PIP genes in Arabidopsis plants under stress conditions. The
expressions of 13 PIPgenes in the wild-type (Col-0) and transgenic
Arabidopsis plants (Cu-T2, Cu-T3, Fg-T1, and Fg-T3) were
measured by quantitative real-time RT-PCR, and the plots represent
the relative expressions (fold) of each gene in the transgenic plants
as compared with their expression in the wild-type plants. The
Arabidopsis plants were grown in MS medium for 7 days followed
by 24-h of further incubation in (A) MS medium, (B) MS medium
supplemented with 200 mM mannitol, or (C) MS medium
supplemented with 150 mM NaCl. The 11, 12, 13, etc, in X-axis
represent PIP1;1, PIP1;2, PIP1;3, etc, respectively. Values are means
SE obtained from three independent experiments. Asterisks above
the columns indicate values that are statistically different from
control Col-0 values (p <0.05).
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Table 5. Effect of dehydration or high salt stress on hydrostatic and osmotic
hydraulic conductivityof midrib cells in the wild-type and transgenic

Arabidopsis plants.

Plant Hydrostatic Lp Osmotic Lp (Tw"?) (s)
(Tw'*) (s) NaCl Mannitol
Wild type 15 £ 0.3a 46 £ 1.2b 11.2 + 1.6¢
CsPIP1;1-2 1.7 £+ 0.3a 64 = 1.2b 148 + 2.7c
CsPIP1;1-3 20 + 0.3a 74 £ 19b 155 £ 2.2¢
CfPIP2;1-1 1.8 + 0.5a 52 £ 1.0b 214 £ 2.2d
CfPIP2;1-3 19 + 0.3a 52 £ 1.2b 28.2 = 2.6d

Hydrostatic and osmotic hydraulic conductivity of midribcells were measured
in the medium containing 100 mM NaCl or 100 mM mannitol for salt or
dehydration stress, respectively. The half-time of water exchange was used
as a direct measure of changes in Lp. Values are means + SD (n = 5), and
the different letters in each column indicate statistically significant differences
(p=<0.05).
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Discussion

Although the isolation of the genes encoding aquaporin and the analysis of
stress-responsive regulation of aquaporins by environmental stimuli have been
undertaken in a variety of plant species, there have as yet been only a few
reports elucidating the functions of individual aquaporin isoforms in plants
under stress conditions. The present results showed that the ectopic
expression of a foreign aquaporin gene in a given plant may alter the plant’s
responses to various environmental stresses. The transgenic Arabidopsis
plants expressing a PIP-1-type aquaporin gene isolated from the cucumber, or
a PIP-2-type aquaporin isolated from the figleaf gourd, displayed different
responses to various abiotic stresses, which emphasizes the importance of the
expression of different aquaporin types in the regulation of water transport
under stress conditions. The observed responses of the transgenic plants to
various stress conditions are correlated closely with their expression patterns.
The expression of CsPIP11, the expression of which was reduced markedly
by drought stress (Fig. 11), delayed seed germination and plant growth under
drought stress conditions (Fig. 13), whereas the expression of CfPIP2;1 whose
expression was increased by dehydration stress (Fig. 11) resulted in a
substantial augmentation of the survival rates of the plants under dehydration
stress conditions (Fig. 13). It was also apparent that the expression of
CsPIP11 or CfPIP21, the expression of which was increased by salt stress,
facilitated the seed germination of the plants under high salt stress conditions.
By comparison, the expression of CsPIP1;1 and CfPIP2;1 had no impact on
plant growth under normal growth conditions, thereby implying that the two
aquaporins are particularly involved in plant-water relation under stress
conditions.

Conflicting results were previously reported regarding the effects of
overexpression or knockout of a specific aquaporin isoform on plant responses
to drought stress. The overexpresion of a specific type of aquaporin resulted

in either a beneficial effect (Siefritz et al., 2002; Lian et al., 2004; Prudent et
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al.,, 2005, Yu et al, 2005: Guo et al., 2006; Peng et al., 2007) or a harmful
effect (Aharon et al., 2003) under drought or dehydration stress conditions.
Our present data demonstrated that the expression of CsPIP11 delayed seed
germination and plant growth under dehydration stress conditions, while the
expression of CfPIP2;1 resulted in a significant augmentation of the survival
rates of the plants under dehydration stress conditions. Although we do not
know at this stage how CfPIP2;1 influences the growth of Arabidopsis plants
under dehydration stress conditions, it appears that CfPIP2;1 contributes to a
reduction in the degree of water loss from the leaves to the atmosphere
during drought stress, as was shown by the lower osmotic hydrolytic
conductivity (Table 5). It appears probable that the expression of a foreign
aquaporin in a given plant species disrupts the natural expression patterns of
endogenous aquaporins within the plant, which results in different responses
to various stress conditions. Our analysis of the 13 PIPs in the transgenic
Arabidopsis plants showed that the expression of other PIP members was
modulated by the ectopic expression of CsPIP1;1 or CfPIP2;1. The expression
of several PIPs, including PIP1;5, PIP2;2, PIP2;4, PIP2;5, PIP2;6, and
PIP2;8 was affected noticeably under dehydration stress conditions (Fig. 15). It
was also noted that the expression of PIP1;5, PIP2;2 and PIP2;4, the natural
expression of which was markedly down regulated in Arabidopsis plants
under dehydration stress conditions (Jang et al., 2004), varied most
significantly by the ectopic expression of CsPIP1;1 or CfPIP2;1. These results
are supportive of the previous notion that the natural expression patterns of
aquaporin family members are perturbed by the expression or depression of a
particular aquaporin, which implies that aquaporins interact with each other to
maintain proper water balance during stressful conditions, and thereby cope
with changing environmental conditions.

The effects of the overexpression or knockout of a specific aquaporin
isoform on plant responses to salt stress are also controversial, and it has
been demonstrated that the overexpresion of a specific type of aquaporin

resulted in either no beneficial effect (Aharon et al., 2003), a beneficial effect
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(Guo et al, 2006, Peng et al., 2007), or a harmful effect (Katsuhara et al.,
2003) under salt stress conditions. Exposure to high salinity triggers cell
osmotic adjustment and the control of water uptake and loss, and one of the
primary responses of plants to salt is the inhibition of their root water uptake
capacity. It has been demonstrated in several plant species that the down
regulation of aquaporin is the principal cause of salt-induced reduction in
hydrostatic hydraulic conductivity (Carvajal et al., 1999; Martinez-Ballesta et
al., 2000, 2003). The present results indicated that CsPIP1;1 or CfPIP2;1
expression in Arabidopsis plants influences the seed germination, but not the
seedling growth of the plant under high salt stress conditions (Fig. 14). The
cell pressure probe measurements revealed that the Twl/2 of the
35S::CsPIP1;1 and 35S:CfPIP2;1 plants was quite similar to that of the
wild-type plants (Table 5), implying that the water transport activities of the
leaves of transgenic plants are similar to that of wild-type plants under salt
stress conditions. The expression of several Arabidopsis PIPs, including
PIP2;2, PIP2;4, PIP2;5, PIP2;6, and PIP2;7, was noticeably affected by the
ectopic expression of CsPIP1;1 or CfPIP2;1 in Arabidopsis under salt stress
conditions (Fig. 15C). Interestingly, the transcript levels of PIP2;2 and PIP2;6,
the natural expression of which was most markedly modulated in Arabidopsis
under salt stress conditions (Jang et al., 2004) varied in the transgenic plants
under salt stress conditions as compared with the wild-type plants. These
results also indicate that the natural expression patterns of aquaporin family
members are perturbed by the expression of a particular aquaporin under salt
stress, and the up regulation and/or down regulation of aquaporins and their
integrated functions are crucial to the maintenance of proper water balance
during salt stress.

Collectively, the isolation, stress-responsive expression analysis, and
functional analysis in Arabidopsis of the two PIP genes isolated from the
cucumber and figleaf gourd constitute an important basis for our enhanced
understanding of the physiological roles of aquaporins in a variety of plant

species under different environmental stresses. Our results demonstrate that
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the ectopic expression of a foreign aquaporin gene in a given plant perturbs
differently the natural expression patterns of endogenous aquaporin genes
depending the on particular stress conditions, implying that the up regulation
and/or down regulation of aquaporins and their integrated functions are

crucial to the maintenance of proper water balance under stress conditions.
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ok Az
1) 7o}

3% QolEFLE FY A dFY F 100% Hol&S YERNSI L
v, MSH|A] St A 24 }
7199 FEE 12, 1/47 +&E F

ol 5 5AAFE TR 7A Apolell AZ4ko]l HAF Lol APE A
s ( gk § &4 (JAA, NAA, 24-D)7 A E7]
UF (kinetin, zeatin, BA, TDZ)7} ©5 £+ 338t w=9¥ (01, 05, 1, 2, 3,
6, 10 mg/L)= H7Fd MSEujA|o] A%g A3 BAZF 4592 3 mg/L¥ 5
mg/L Aeld AdFolA 657 F 82%% 87%° =2 H[E&E FAo7t AU

o}

A, AH o AFk Ao s B3pgo] HluH YA e
S AEZIUR7E EF AgE AP e SRV o2 HrkdE )
AolM = F2 Aezst d4do] ek FAgoke] &3t o] FojA A skt
NEZ1YF2 kinetin® TDZ, Z1¥]iL, zeatin A& Foll%E @& 388 Ho|A

oA vkEs YERA e A97F ekt (i 6). ¥, 3 mg/L¥ 5 mg/L
o] BAE B5 HIA 9 LS wjAo] z}7] H7ksk T 243k 28 oA Aoz
B FAolo PAE & 67%9 53% = MS wj#| 27 Hl&) wrekon, uxaou

A% wrge] glojA AAA %@ o vewth (£ 7). Agoziy ¥
gotel G BF @Rl e AN o] FolHom, FARIE FEF

o)A Fgotel @Aol Wl WAL WS wolx gt A9k wath 53,
AAR AR A A9ARE AAdE Bl @ A7 2RAA = A

_79_



Aelel A A7)

Hj =] W

R

o glej A<=

&

£

il WA Aoz B
=]

5]

1

A Al 32wl

A

W8] 2~ 2 HE
4% dises®] 7P F-9)oll A

1

kel
=

stk

shol A 1
Apo] @A

e

N

!

7

Bk a8y

of HjA]

=

] €015

o

Ao Atz Hdom,

SEEED

[e3}
A

<
T

el
jont

0|
®
A
~r
el
00
o
~

;OL

—

X
oy

_80_



¥ 6. Effects of cytokinis on adventitious buds formation from cotyledonary

explants of C. sativus.

Cytokinins (mg/L) Adventitious buds formation (%)
Kkinetin 3 0.0
5 0.0
BA 3 82.1
5 87.3
zeatin 3 12.7
5 0.0
TDZ 3 2.3
5 7.1

X 7. Effects of basal medium on adventitious buds formation from

cotyledonary explants of C. sativus.

Media Adventitious buds formation (%)
MS 87.3
B5 67.1
LS 53.0
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X 8. Effects of PGRs on adventitious buds formation from leaf and petiole

explants of C. sativus.

. o
PGRs (mg/L) Adventitious buds formation(%)

(leaf/petiole)

BA 1 TAA 1 21.0/34.2
2 0.0/ 0.0

BA 2 IAA 1 0.0/18.3
2 0.0/11.7

BA 4 IAA 1 43.9/64.1
TAA 2 68.1/82.4

BA 6 TAA 1 21.3/28.9
2 0.0/ 0.0

BA 10 IAA 1 0.0/ 0.0
2 0.0/ 0.0

BA 1 NAA 1 0.0/ 0.0
2 0.0/ 0.0

BA 2 NAA 1 0.0/ 0.0
2 23.5/ 0.0

BA 6 NAA 1 0.0/ 0.0
2 18.3/ 0.0

BA 10 NAA 1 38.4/29.3
2 0.0/ 0.0
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X 9. Effects of auxins on adventitious roots formation from shoots explants

of C. sativus.

Adventitious roots formation

No. of root/explant (%)

Auxins (mg/L)

5.7 (87.2)
2.1 (43.1)

Control

TIAA

(0.0)
11.5 (98.2)

IBA

34 (21.8)

(0.0)

NAA

(0.0)

_84_



5) 5w FAoL Fyvm

i

A&dol FFLolE 7ML I ATARE wtFoer HAHxd o
oA 3Fe Qolol Wiz FAot AHE&S vl . FFE FAo IS
T #pols HAFATh (F 10). Agate] Ao FFo vla <
St Ay Lol BE AR Fuglol %
o] YA dEskew, Ay A ecle Aeddes dHryg dddosR

B Sgolel WA go] B etk

¥ 10. Comparisons of adventitious buds formation rates in various cultivars

of C. sativus.

Frequency of buds formation (%)

Cultivars _
cotyledons/petioles/leaf
Gyuwoolsali—-chungjang 82.1/82.4/62.1
Indong-chungjang 78.4/81.7/63.4
Gyuwoolnagi-chungjang 68.5/58.1/62.4

* Explants were cultured on MS medium supplemented with 5 mg/L BA.
=xExplants were cultured on MS medium supplemented with 2 mg/L TAA

plus 4 mg/L BA.
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el AZdAS Zte ole dAAIAE 27 Sleto], & AFdAM=
o AL WA A AYs4

Agrobacterium tumefaciens

neomycin phosphotransferase (nptll) %=}
(GRPN)E =%3h= pBI2l WEE A3
EHAL05 #55 Ab8ste] dddd
°|2}+= inbreed line9] 241 =} AADE A=t 20]9
AfdAR oY AEAS] A {7 2 Az A 3= MS 7lEHiA o

A= AFEAEA] BAPE WEo® Ad Aol Hldol BAPS NAAES

By

AEstgeh A48 Qo] Ami W
3

AR EsER ZFrste] A AP Tolr &Hs o]Fojxlen, Az HA
#4FEE 5 mg/L BAPS 05 mg/L TAAE #71st Ad+= ey, 2
F718 Aze Az AGAZ AdelSg st AxE AGA7a, o] & Ax7b
Aol%E 2 cm oo E A AlxwrS FHEo] NAAZE 05 mg/L ¥ 1/2MS
wj <ol Al el d st ko]l F o] Ry e AEAE e &7
&3t 3 Atz on, o5 F ulde] 1A AEAR st

L}, Preparation of Agrobacterium strains

B AFo| A}8¥ Agrobacterium tumefaciens 5 2 AL A FAA
d wHE 1 Le AgEo] Jdow, ou 74 dob AgS wgew by

7FsA ol dE Agrobacterium tumefaciens EHA105 w59 AY84E A&
S HFHo 7 Y3, Agrobacterium tumefaciens EHA105 #5FZ 50
mg/L kanamycin (Sigma) % 10 mg/L rifampicin (Sigma)¢] 3% LB#H|A|
(Luria-Bertani medium; Sambrook et al. 1989)o| 4 28T, 3 3 d4 20002
sto] 24A17F wist & ol AR s FS AASL Agrobacterium
tumefaciens EHA105 T F9&  FH3te] MS #]%] (Murashige & Skoog,
1962)ell 41 ODeo %k 1.00] H &5 FErste] 245t
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X 11. Agrobacterium tumefaciens strains harboring various genes used for

cucumber transformation

Strians Genes

A. tumefaciens LBA4404 npt II, GUS, AY84, AY76

A. tumefaciens GV3101 npt II, GUS, AY76, ATO02

A. tumefaciens EHA105 npt II, GUS, AY84, AY76, AT02

t}. Plant materials and explant preparation

=
do] A QolFAREE spujSo] oty al, ofo] & dolE &
o2 {7 393 ¥ wigstdt. ol F, o5 FAEARRE AgE

(ez]
=
24 90 S 48 AARD Agne AHse] JAAB] ARE AE

4
o

Z}. Co-cultivation

A3 Agrobacterium® FZW %S acetosyringone®©] 02 mM ¥
MS 7]E=aA el Al 10 st Tt o, olo] ng FHlE AR FAg
2 |73k

T 3M FFAE ol&ste] E71E @A AAANN F T g A el

A TR kA FRuSui A= 5 mg/Le  benzylaminopurine
(BAP), 05 mg/L9 Indole-3-acetic acid IAA) ¥ 0.2 mM$2 acetosyringone©]
E2FE MS wAE AFEstR e, g EE2 90 mm x 15 mm A7) <] HEFY

Hell TN 28], 25C 16/8 o] #F7] 2 60 uMm s ‘B o 2wl Tl
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u}. Selection and regeneration of transgenic shoots

&z

ox

o] By AFHAAL olF Axf7lufA ol AduF stk A=A

AS Eote] HAF=E gy BAPE 5 mg/L 183 JAAE 05
mg/L 7} 9 A 9™, Agrobacterium® =A#S WA E7] Y3t A
cefotaximes 500 mg/L 7} S A A7 2% 5 2AS] {F5F& o3t
7] 913+ A9 vlARZE kanamycings A& e, 247 50, 75 2 100 mg/L <
g AAste] Adstdn. BE Axf7uMAE 25T Fx stel A g
ow 2F HASE L A AR vl Ao F7] W Az {77}
ojFold wj7bA] A stATh EE A= sucroseE: 30 g/l 1AL
phytagels 3 g/L 7} ¥A e, pH 58% A Fxz1 stoll Ao Hl
Fo 25T 16/89] FF712 60 pM m°s ' B st wjFadnh ® 12& o
3 BAP % TAA ZHoA explants® callus containing shoot premodium<]
& Y9 regenerated-shoots Hl &S YEMW, 17 172 FAd3A e A
2 A S BT Q)

FxAA = A3

R

I'L

N
)

HZQOOS;O

E 12. 3k BAP ¥ IAAE A3 Cucumis sativus explants® callus

containing shoot premodium®] %€ % regenerated-shoots H]-&

Callus containing shoot premodium (%) and the ratio of regenerated-shoots (%)

IAA (mg/L)
0 0.1 0.5
3 42.9/20.88 23.8/9.09 33.3/ -
BAP
(mg/L) 5 -/ - 66.7/ - 99.0/27.66
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I3 17. Regenerated-shoot induction HA. ¢ YEOZHE QEBZEo=
seedlings, cotyledo ¥4, cotyledon explants, callus induction, callus

induction, callus-like shoots premodiaZ e},
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29 18 2o0l9 FAAH L FAADA A B 9 AoV EKO

E adventitious buds regeneration from cotyledons induced by 5 mg/L BAP

i

and 0.5 mg/L IAA on MS medium, roots induced from elongated shoots on
1/2MS medium with antibiotics, acclimation in bottles containing pre-sterilized
soil, transgenic plantlets cultured in open-clean room, transgenic plantlets

cultured in green house, well-developed TO transgenic fruitS 1}elc},
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AAE 73T 29 2ol kanamycinel] g AFAY vl WA dEbsth
o Fzuf o] oo XA & WET o A9 100 mg/L FEAA 25 F A
@k ol dise EF Rz Ak Slglou B s gaHs @ 5, 0w
ghelgol st &9 Hch @9 Fx Gd ARe B9 500 mg/l FE
7R LIk Aol A 785%¢<k 93.2%°] ARAYE HAFAT (& 13). T o]
3% disce] A717F 1 em ol Aolw FAAR] o] oA e T
Z#40] kanamycine] W FFoz M FEPFo] dEiwton, o= s
i Fatgol A F 2o AbES ThAgor, ofd A FAdE HA ]
Aol FAHR] 4TS 7HAE Aoz AdHflt (X 14).

X 13. Antibiotics resistance of the leaves and cotyledonary explants

transformed with A. tumefaciences harboring npt II

Kanamycin (mg/L) Leaf disc Cotyledon disc
0 87.2+5.4 93.0+4.3
100 81.2+5.1 87.2+4.4
300 78.2+54 84.2+4.2
500 64.2+5.2 82.2+4.4
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X 14. Effect of disc size on the selection of antibiotic resistance explants

co—cultivated with A. tumefaciens harboring npt II

Disc size (cm) Leaf disc Cotyledon disc
05 78.2+5.4 84.2+4.3
1.0 68.4+5.6 77.6%5.1
1.5 52.2+54 64.2+4.2
2.0 44.1+6.1 56.7+5.1

CEEER PRES
g Fasan. ARAd 9E42 2

glucuronideS *¥3%3t= 50 mM2

mM  5-bromo-4-chloro-3-indolyl-
sodium phosphate buffer(pH 7.0)o] & X Al
1 3 24A1%F &F 37Tl A ®-g AlF o, o] & 95% o ghZo A A &EA A
AASATE 19 232 GUS F327F S8 20 FAAS A} oA ¢
ol 5] GUS activityd A% Aoz FAHZAANA 7
Hol 2 AT A= FAHE A Aol AR

i

to

o]
3t GUS activity7} A%

T
dojS & 5 Ak

T FAEHAY AL WA FAA s
AYBA S HAE o83 BAAH AP A, dolA 71%d ofd BAS AA o
e Mxﬂ DEE R E L}

Ae] A ol R A



o FA12 A AdR-E deldts AFo] ALE3 primer AY84 gene specific
primer (5' primer 5'-GCTCTAGAAATGGCGTCCGGTGATG-3; 3' primer
5'-CCGCTCGAGTCGTGACTGAGCCTC-3")¢} 35S promoter primer

(5" primer 5'-GGGATGACGCACAATCCCAC-3)E FAld A1&3td e, &
2o & AFHse genomic DNAE #23 b3 PCRS §38t9 729 &4
o B =2 golslgdtt. o2 3 genomic DNA PCR ¢l W e o] 2o Al
T FAAEA ] EHoxE FUsA AbEedT. 2 24 FE A Qo] A

genomic DNA PCRS £33 AYS4 429 =& shels Ao},
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a9y 23. AAZ 29]9 histochemical GUS activity
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a9 24, AL WA AY34 A7 =9E 2o 34

35S — AY84 primer
M WT 2 3 4 6 7

—

—

360 bp
AYB84-AY84 primer
M WT2 3 4 6 8 9 10

AY84-AY84 primer
WT 30 31 32 33 34 35 36 37 38

29 T1 plantell A o] A 3teltt,
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M 6 & A7IHL ot™olM =&
PSR
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A7 AYE = s g oRE QoYY 54 A B =z
£ FHg A2y BRaus glloy, see] ofe] A os o]
BdHE FAAES] d7IMEE B AIEe] NCBI GenBankell 5= %
o @AZEA oF 100017] ool Qo] FHA fVIMEe] THH o, &%
H fFAAe 2 7K d&5 W v ZY. glutathione reductase mRNA
(EF530128), phospholipase D (EF363796), SCAR marker SCE12M50 genomic
sequence (DQ472229), putative N-acetylglucosaminyltransferase III (gnT-III

tﬂ
¥ X

gene) (AJ629867), putative pathogenesis-related protein (pr gene) (AJ629866),
catalase (EF468517), L-galactosedehydrogenase (EF468516), dehydroascorbate
reductase (EF468515), RuBisCO activase (RCA) (EF421974), elongation factor
1-alpha (EF1) (EF446145), ascorbate peroxidase (EF426538), nitrite reductase
(NIR) (EF367679), plasma membrane proton pump-like (HA3) (EF375892),
vacuolar pyrophosphatase (VP) (EF373538), vacuolar ATPase subunit c
(VHA-c¢) (EF373537). stAI Rt AA7HA= ole gt A5 A7l dwte] 55
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