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SUMMARY

The research goal of this project is to develop transgenic turfgrass with desirable agronomic
characteristics such as delayed leaf senescence, multiple stress resistance, and dwarf, through
transgenic technology, for commercial purpose. A couple of candidate transgenic lines with high

quality are then selected and examined in the field condition.

In this study, we generated transgenic turf grass lines with four genes (ORE7, ATHGI, AtSIZ and
AtGA20x4), which had been previously identified as key regulatory genes conferring delayed
senescence, salt stress resistance, and dwarf phenotype. Efforts have also made identification of new
6 genes from Arabidopsis through plant functional genomics approach, where each gene has an

potential in improving the quality of turfgrass. Among them, 4 genes were introduced into turfgrass.

We have initially screened Advanced RAM mutant pools for identifying genes controlling leaf
senescence, stress responses or dwarfism. Further in vivo functional analyses revealed that the
newly isolated novel genes (ATPG2, ATPG4, ATPGS) are critical for controlling senescence and
productivity. Interestingly, all of genes contain AT-hook DNA binding motif, as shown in ORE?7.
These data along with the previous finding that ORE7 affects chromatin architecture, provide an
important molecular insight that delayed leaf senescence may be affected by the control of
chromatin structure. Strikingly, degree of delayed senescence was found to be correlated with
expression level of AT-hook family genes. For example, we observed that strong expression of
genes encoding AT-hook proteins led to delay of whole developmental process exhibiting various
developmental defects. This observation indicates that expression of AT-hook protein genes should
be controlled in desirable manner, when applied to generation of transgenic crops. Alternatively,
transgenic lines with optimum expression level of AT-hook genes should be selected, in order to
improve crop yields. In addition to AT-hook family genes, we also isolated the DDF gene that can
provide dwarfism, late flowering, and multiple stress resistance. We also identified ATHB23 gene of

phyB overexpressor.

We have introduced 8 wuseful genes into turfgrass through transgenic technology utilizing high-
efficiency transformation system, and generated 5 transgenic turfgrass plants with good quality,
which were verified by various functional analyses. Interestingly, ORE7-transgenic turfgrass displayed
various phonotypes depending on ORE7 expression level. One with higher expression of ORE7
showed strong delayed leaf senescence, while the other one with rather lower expression exhibited
increased biomass including high number of tillers, as well as delayed senescence. Transgenic
turfgrass with ATHGI, ATPG7 and ATPGS8 showed delayed leaf senescence and increased tolerance
of drought. Furthermore, A¢SIZ transgenic turfgrass exhibited a trait for the tolerance of salinity and
drought stresses. We selected ORE7- and AtSIZ-transgenic turfgrass lines with a agronomically

important traits for further analysis and are being cultivated through vegetative propagation.
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St ©l=2] Texas Tech. Univ.2} Univ. of California Davis 782 <j7]%
sodium/proton antiporter -+ AR ANHX1-& TASF] =43+ salt stressol] thgk A &k oy
gt BT oA Bo FE9 fiber AAF SV FRF S 7HAE ¢ HWE FF

ATHHe et al., 2005).

Table 1. & |H3< 7|HS 0|82 THC| EF 7HL0 Cist
A7 7R AT U& AFNEE e E8HY}
u]= Rutgers TH3h P . =
1 2y PHAHE A AL (2 WEIZ g 8] =
MOI]S&IltO/‘]', SCOttA}‘ QH 3 © é q HE ( ‘:q ] ‘j’]' ) H ] K3
- 1:1;(1:!1—./_':?_7(;1 ZH] 2 o
Monsanto A} AzA AR I FF M iu} j%o & = i
T Zhejiang W8t |[AzA A W A F5 0 FAAS AF 2 FF M

W3 WA FEOE 229 MEIR M TDNA §8 B4 B4 | AT 19 F
%

dy dAA s Y] FF NFel i NHH F& FAAe] A& opF wmd A
goltt. HT IWolAM S8« HA 7R IZBW FAAL phydE ZH ol =Yt A
WAE 57t Y FF5 Nl sk Aok =3 B AFELE A7 FAARA ORE7E
ST 5719 Y FAASA AL, 4SIZE ST | 2Ed 2 AR Y FRASA A,
Z12]3l PAPP5°] TPR domaine &3 93} I FAASA /NEe AFsAth ol= N7
T4 =S T8 IY FF 12 AE hsAe AT e 8 AT A A
o2 AdHEn

IR A5o] F71E ) A Aol i ISR 59 ol fE HZ 543 Fat SUHEHIL A=

= 17 7 E7F A0 o] 2% 2y FF el gk =

Ul E31= 20073 AlEFo] REol Ao #A3E =A1F Pk UPOV(international Union for

the Protection of New Varieties of Plants) A| =2 Adjo =z A Ao sk #AF 7|7 J

Fote] &g VeMds sty #H 55 A 953 e —r/‘ﬂo]fq E°1-4 W%o

T2 AxA AFAE T A0 FAA "WYY dYade] &
%

7l A%, e AGE 5 A 240 F4A 3 g .
W o) A, 43 AT AEE AL ol AE fFol oF EE o] FFHE ol
27 Qe Aol Ao B ATHe oA w4 ATH] AzA AT DT 9 phydS
o4 HHA WY Y $F T AL Pt o} A FAA =YL BF AT
AEF Aol T S A Aol



StH FRxe] B8 A& B FH1A 7]E EokolA] resistance$} protein and oil enhancement
Lol oA 7| 5S Holu B 7]Eo] HIg) 53 &Eo] U3 AR EAHM, resistancet
A2EFE WHEAWAAWNAZ WA WA =A AFHS 238ty oodd FRAA F
72+ Wss Holtprl, HZ 553 FUteke FAE Bt 57 dFe] g 53 Ede
2HEo] AT grE Y HE 953 STk FAolH

olglgt 55 & TFS A48 BEW, WA JH AFF Mol lojA FAASA N g &
5 29 ¥ TF A7 AF%] s & 7 doh FH FRA doA 2E 2 AR
3t 55 dert B WA AFoE 7] A g 53 Age ATHJ ASE E
St

7] 9%, 2Ed 2 AZAE 53 22 78& FAE &S I AEFFT NS e 73
Ml T £ H EAo] A FAE AET 7 Adoe HAA I AV B 55 AL
2 Agdn. gt 57] 94, 2Ed 2 AR A gEEs 53 JY AEFEF LS 1
b A2 QoA B B2 7S JHAE AR YEd, B ARdM e 571 9% 34
2 2EF 2 AP, 53] F7] A #AH {FAAY LFo FJFEkaL olF Fste % d
AFSE stz do a2 9 dE §37, FEASA s T HeE EEHUE §
st AALFAS GRT Zolth o3 AH AFHS FHe 2 AFF Aol Qo]
A7iso] g =571 AAY Al d=xstH, ol T MEHe ¢F Iy AFFES 17T}
T FEE AT IV v DA 71AT F s Aot

Al 3 A HAL Ve BEd B A7He AYI T 2H
,?_

1. 7154 /34 47 ¢ 39 FF2 AL F& A4 SH (FEH)

ATE 3t wHel AF ol 7ed +& 71e8 7
A g @ omw, o]7]of gene expression profiling 7]¥ <! plant proteomics
g AHAEotd A 7les A&FoE Wi e Folt. M ATE F3lA ORE7,
AtSIZ, T18]31 PAPP5®] TPR domain®l theh zht] FZ A8 7dke] AFstHom T Ao
A EEE A 55 e 48 Jhed 8 RS o 2o

AwrRlEF)E A& 7IsAd #34
|51 == 5 A
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AGAZox#: AN AR EFAL FUIT Y FAAZ A BA 5 Dol 54
A EAFL b, w3 S A7), Bel B3 S ofA o FT 2 Aolst e &
FAATL R oA =

g AATE T2 A ojd 23]F ok FERG
MNAG T2 ALFS 7HAT ol s 23 54
Zo] Ao oA aEHE AFE )
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Numbers of seed

muu
3000
2000
1000
[

atgaZoxd-4  SEN:AIGA20%4-10

uEp
ATHGY
GFF
AtGAZox4-ox Col0 AtGA2ox4-ox Col0

JB 3. AGAZexs0] O O3 BHEH S, FX WMY, 121

L MX} localization

ATHGI: W 71&A) 4
o] Zr|AAolet=

o
tozy 9o mrjdAmu opel 2~Ed s AYHS

Ef 2z =& AFAHL AFE IS 5
g Hsl= tg5E Y 25 do] JhsskElEt #uEY, ol 1RIF JHA] AEolgteE =
A 7127 & Ao|th(1Y 4)

13 DAJ' (drought)

0 DAT (30 DAG)

o X

AL A o] #eddt= At-hook domainS 7}A| 1L A+ HAAFQIAO]H

2z A
2P e 5w o =3 B fFHAE AE 2EH2 9 A ~

GSDL2: N1 fAAE H719%e B8 Fde AFV B FAAE H/19% FA ol
g 2EYz g A% 2Ez B AP ATAAT B fAAE

o
Edzd @ A AFFOEA Dol YA 3 2
3 AZH AFOE Bk e A ol FsPoEA 2T FE TP Aol
ol 4] 71ef %7} & Zelth1d 3).
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Days after treatment

13 5. GSDL29| BHEHO| O3t 57| AT U AEHA MFY i EHYH 53

.El

2. 39 FAAR U 9 FFAAZA AL (FE571H

o

B A dE 71Hel o5 ne dTEHe S34Y FEAS AAE on gyt =F

Batel =
Z w3} QItH(Toyama et al., Molecules and Cells, 2003)(ZL3E 6). T=3F H]AEHZ A 2AQ
BASTAC tigt A3&Ad FAA(bar)E 2 A= A=A A XY E Ndste] 2 &35
o
3
71

Pﬂ o

O

Reka gtk o) BEE WA AFIL2rclgs olFow BANNY W v vl
H s ST FRlE sl vk B3 oladuas AFHE =E AHd S3Y A
B A28 395 giol $A8 AU METAY FAAT A2 FPsel o713
o Ax/ALE 2EH 22 WA FHAR] ABF3E THAY bentgrass & 3HUSl Agrostis mongolica
Roshev.oll =UJAIA 2EdH2x AFPJAH FXo AdFs vl Jth(Enkhchimeg et al., Plant Cell
Tissue and Organ Culture, 2006).

]

_La

Resuspension of )
Collected Agrobacterium Agrobacterium cells in Transfer of calli to
cells by centrifugation infection medium Agrobacterium solution.

Transfer to co-culture Co-culture under
medium light condition
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g
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off
N,
g
oK
off
ra
3

FH 71#A AxrRIE) @5 71#] AFde FeoeE % Y FFE NEsr] 95t
o FHA7|He] SR JE 659 WA FHAE Fo| =USIA, ORE7, ASIZ TE]al
PAPP52] TPR domain®| A YH % FAAZA o] AHF3yom, o]? ORE73} AtSIZ7}

AdE % 20 FFAZA ) U= B ARGl ZAAE T $FAF AEs 35
o A HIF Y-S s 71 S 7= Aot} w3 A=W FAHA ArGA20x4, ATHGI,
183 GSDL29] 73, FAAS 2 REAQ FAAMIA A¥E o] AP Jqi1H 7

Fx). olF B AHolA EZF Aol FBIT ArGA20x49} ATHGIO) 3k -3 P AskA 7)
ukg =35t skt

Wild type

0 2 4 7 14

days after dark incubation ORETox
Tiwikd type
100 HORETox OmM  100mM  200mM 300 mM
— 3 days
R 80
E wild type
L 60
~
>
w 40
20
ORE70x
o ]
0 8 Um 100 mM 200mM 300 mM

4
Days after dark treatment

a3 8. ORE7 FHEX7L A YUE THC| SATEH L S7|HF 0t AEY A Mo Cist 2o £F

ORE7°] A4¥ zt] @ A3A|+= genomic Southern blotting, PCR, RT-PCR #4415 53} =
A T2 AY 2 TS FAstAon, ofr|Zddel e £ FEH o] F7] dFolg=
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AP A EAo] FIA et o, =3 ¢ 2E# 2o thajA AIFPE T = AR B
HAH KL 8). 451z A F FFAAZA = 200mM] NaCl Aol oI I AFAE 7}
Hom, =3 Hx AR AFdo] Yehues ZleE WA 9). o=t A}@% o
FAASA = G 2Ef 20 JojA AFAHES 7HE Ao g AdHo uRTL FF el
2o A4e AlFstelzt A4E Y. PAPP5S] TPR domain®] AYd %QL%xal% g =
Aol F3A Yetoem (2™ 10), ol TIPS o Hdd B AHE AT
Aol FFY 1RIF AEe I & 9o dudEAn

bl

A /.
wWT siza SIzs SIZ9 SIz 10 SIZ11

A" 9. ASIZz FTEX7E HYUE THD| EEEH S F AEE A Y X AE A NP0 Cfst #EH
EXI|
=1 O

oj9} Zo] 7] grHE FHA 9 FHAADAE B AGY 27 AFS olF ZoE SdTh
53] ORE73 ASIZ 49 v) FAd&dA e A9, £ o] Folste] =9 o|HEST}
AGZIZE W 7hs sl 7] A8EE olE 4 ledEt oddh

10cm

cutting .
| Zem

ret
ogt
M
dim
2

a3 10. PAPP52| TPR domainO| AUE FC| FHHEH 2| efdof cHist =
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H3E diEsd UE A 2

Al A ALY WE B8

) EET—
qF A (lE2A-A8A A=9H)
T A8 8 @old 91

AR R&

oA A ATE B¢ 5719
4, 2Edz AZH 2 o5 B

20 Ag 48 SAA AZ Gola] B (o)
= Ax =
7I's 24 e 98 REA BT Y S AR |0 48 SAA B2 2 s AR
(F2)
2] AAS . 2T FAA . T HAASD Y Y (33)

) FHAREA 75 AA o Y FEHEA s AA A48 (75)

F1) 715748 FAA A& T 5719%, 2EA: AFAE 2 43 #d HolA FE

24 AEL o 7|F U E 3}, activation tagging, promoter trap, advanced RAM approach 53 %+
L 75 A FAA ATE 5l F§RE g HolARRE =] AF kst 3 ~EY
2, 283 Y3t -] g s ZAFE Feke 78 2F FES Ad WHolAE FRITH
oluf activation tagging 7|¥H-& Tl FERH WHolAlE F=E gain-of-function MOJAZ 2E# X
A gAd ol th3k positive regulator®t THE F& FHAo wzFo] Bwe AHL AL Y=
™, advanced RAM approach®} promoter trap 7IHES &3l gHH tﬂol As F
loss-of-function MO|AZ 2~E# 2 Ao Tt negative regulatore} THAH {8 FHAe] &
=o W2 AHES 7HAI Utk ol E WA FAAe] A9 HH A= A=Y 2EHXL
A Agel B 7135 AT Aot

e

€ 73 E=2 3 Js A2A

22 %

GrE HolAZRE ZF 7ol Ad3 WEE St A ARE GHsIA olF 7] A
Z, O 84 2Ed 2 A, 28 st 2 3 #dd Ve #8 AR Tt
] 2 2 activation tagging WA poolol| A SR E WHo|A|
T T2 TAIL-PCRS F33le] AAX ™, promoter trapping ® | A poolol A <t
BE WolAle FHA 8= plasmid rescues &3t%, 183l advanced RAM WHOlA] poolol A
Aozl WHolA 9] FHA &= inverse PCRE B3t dojxith. AEE FAAY 75s A4
Ast7l #ste]  reverse geneticsE A&7t oI AFE T Lol FHAAY
gain-of-function¥} loss-of-function WolAe] EHAYF S ARSI, TE52] EHF FZo sk A
g8y d4S THITE 53] reverse geneticsE Bt doizl WHolAle] Ay 3}st
2 Age O Boke AEVFIA B2 AEH, ThestH EATE T #AAY Jee

Aestaa drh

O
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- = Bt == =
o] F7hEE FAAE indicatorZ 3to] FAA HHE Bt AT o9} Tl Eo]
B osnEdsel @ AFAE EASI] A%l & AR ohieh methyl jasmonate, ABA,

R 3 2Ed A FHE WHolAle JE AAHL WHolAlE gt
(drought stress, cold stress, salt stress, oxidative stress, etc)3toll €4 7|7+ WX]g & 159

g7 54 9 AR 54 2AS LA B

A2 7] 4%, 0T ¥4 2EH: AZAH 2 43 2dAd AVSAH 78 2R
a A7) AAHe Tok A= w71 9%, IR ¥4 2Ed: AR B dE 2d e
Agstes AEFF F2 AWed 2e MEe A} 78 FAAE HF =30k oY 74

N o=

S3H 2E&Z FAAGAS AsiAE AES &E&o] 2 AYxd U dFHo|t. &
e A FHAAG | o] & F Je AEI EEo] & WA Ao Addd= oF 6
M ool a8 ™ T Ay ATl AU A EE G&o] WolA AU AFdsA -
o oldd EAHE sidsty] fls] & d7Hele wF MEE FAE gFetd AHAE f
T AEs &0 & AYAE FHEHEA AFES JPsta o A9 HEISG
25 E3tdof vl A&t G&o] Fi FASo] &olg HolojA ESX/TAHE Ay A
A4S AAA G FAE AHx F WAl Agstal oF 4785 vigE F FE A
o]-g&tal Ytk

& AT 238 SHanETE Eolde ol EHME g R Y A ~E 1093 F5H
&gk & cefotaxime &2 agrobacteriums A AAZITE o] AAH ZAH 2= 1 mg/Le bialaphos
7F 7 E shoot fr= v Ao X|/dste] 2731 viFAIZ] ¥ 2.5mg/L9] bialaphos7} H7FE Hj A

Z &A OA 25F T MiEA Y o) 257 A0 2 A ZE shoot HIAIZ & 7]HA| shootEs Al
st} AWE shoote= 3mg/Le] bialaphos”} H71E BeE] f % HiA| o] X|43ste] 1-2701€ &< Hl
FAZ = I HAAE AXH 24 YolA Aujs

F4) I FAAGA AL

A FHATVIRANE A, FF2EH2UA, 5719 fFEse AARE 2d2
f71gulol A Agsta gAst . FEAT7IdeAAE ol FHA z

of JAARAYE Ateta ok =3 FA Az

< st ok ASIZ-ZEAHE e Udd Z
Foe & A o5 A9HoE =FE
AtSIZ 9 ORE7-3ZA&ZATY H¢ FF A

filo

S
Wad 94
X 1
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o2 gusld $47A5L Adstn B

ORE7-¥ Az % =%t
U ola2uteH g %
ojggo] AUt o]
ATPGS(FHEA A 314

=¥S J|EAse
AL Rzl 2
ek tite =, ORE73H #2 79 gene family member®l ATPG7%
bl

ol R84 =
2 7tE Ade fFEdse 734 FAAE =dsta Aok

o= O,
Lo

ox

o

ol

it}

2

24

ot

i

i

rﬂ rlo

=3 WA NS A FESE AGA20E 2N Y BAABAE AQoR, =)
DG FEIE ATHGI HAAE T2 =3t Y248 S20F Fustar

G5 B ATE Filel A7) AR 48 HAAE ZPT F 159 YAAY IUE AN
g Aol

%5) ) YARWA 28Y 2 75 AR

Mas PA0E Joe U4, 2AUYL Fol 1 BAACNA, BASEAS A, =
7 A F)e BAel, 4§39 FsHS FAY Aotk 2EdA: AFY B 7] A%
BP9 APHo 245y 9 FHH L&, GBE B, A AEE 5L 24T A
otk olsh g EHY AL B3 HEA FEFSY ALAHIA 5 B ool 3F
o $F 2 YAHRHAE ALY AolT)

AtSIZ- @ ORE7-d A A3 #rjeo] ZH$-

olty. ol& Hdl Y FAHEA FA
H71E 93 =3 i o S A
A H7F 712ATE G5 AFoln.
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A2 A 2RV Y HE 78 AR 2=

o
1= =2 =
23l SOB3 FAAe] FFA EROE stA A gk §5AS JHA I AUTE wepA B2
ATE LS AT-hook domain®| ™3 direct approachs +3317] ¢1st] I8 119 group T4 10
Y FAA, 28 group oA 1459 FHAE W7ol A Eedte] pCSEN HEE A&
st BEPAIZ F 05 7] A ot 2@F A EAS EANsAT
Jr— Group Ii
1 sam‘lgsaﬂ-?ﬂ (]4EA)
" Group | tgtadsg
949700 4912080 (AHL1)

(10EA)

4922770

2945850
3g61310

120504922810

A 4g17950
5946640
2942940
4935390 (A / _ 2933620
o ﬁr‘:{mb 3904570
OET 90300 gl f 25320
Acrz 39555604g14465 3 :;51590
5562260
3904590900200
. r
Plant Physiol {2007)
12! 11. AT-hook domain2 7}X|= Of 7| ®CH | T X}2| phylogenetic tree £ Ad
DAT6

1200 -~

1000

800 -

600 -+

400 +-

| |
| |
| |
| |
——————————————— |
|
T OAT7-10
! | 1
| |
ATS-2 I
|
| |
] ]

CERECLELiZRpRpap

£ G- ST G- G- - ST S - 4 << 44(4‘
2 12. ATPG2, ATPG7 2|1 ATPGS SLHMXI0| CiSH T, HEFS 2}olo] o X2| £ 6UM| Yo| P=
A
e

[= ]
s st

g3t A3, EFAE D ATPGs FAAS0] A& w3} A



3k =3} A A ddE 51'?_“5‘]-7] A3te] T, transgenic 2}-S AY4Hste] 6Y &< dark-induced
leaf senescenceE ¢ A 6dA e 94 (Y 12) E TIdFH HI(1E 13)E

3 Al
A2 A3, g0l Blshe

ATPG2, ATPG7 “1¥]3l ATPGS ¥ A7F A E W o] A of A
=3 A A tig fEAH] ZFFH EALS MG olE T E4F FEAS gRIELS FHFE
A =3t Ao AP SAZRT ofe; Ao Z7|d gk AHE S FF S 7R
EA%E}(JFJ 13). WEtA B AFEL o5 T ATPG29} ATPGS 2%2] w7 A9}, =3 w3 A

Aol 2P EAHE JMR|= ATPG4 F+Z AN, T18]3l activation tagging O] Aol A freezing
tolerances 7}1A+= WOlAZHE E23r DDFI F3A % phyB overxpressor®] 7]5& 7HA=
ATHB23-& A5t fAAR FH3ta o] &dd e AlFAR AFE FH3stATh

»
#
¥

ATPGT-1 ATPGS8-1

ATPGT7-3 ATPGS§-2

ar23 Il
Atz B 4

AT2-8

ATPG7-4 ATFCE4

ATPGS8-5
ATPGT-5

=

ATPGS8-6
ATPGT-9

ATPGS8-7

ATPG7-10

ATPG7-11
= 13. ATPG2, ATPG7 E|1 ATPGS S HEXMzE 2o o X2| = UM Ao TS
¥x 5%

1. ATPG2 (AT-hook protein of Genomine 2, At4g12050): =7] 4%, WA Fd
9 2Edz AYY $A%

7h AN ZUHERY 57197 2 ARAE S JeS T 41P62 AR E=E: of
7173t DNA ZA @93 A 92 (DNA-binding protein-related) = & X ATPG2=  <F
358 kDa®] BAZFL 2= 339709 ofmAle dEEEtE 1,020bp 2719 A F1E E(ORF)
7R AL 1o, 1 e dE(exon) 2 FAAEA S SASHH AL, AT-hook =M QU-E V1A
o] o] & ATPG2(AT-hook protein of Genomine 2)°.2 ™3} T}

(S

A7) AT AEe H79R Tes ZeEAE FUs] fste ATPG2 A Al ek
o2 =98 FAAE Ar|ANE A xst ATPG2 HARAS wE-E WA Z T Inducible
promoterd] SENI ZZRE S ZHS WEE A A3 pCSEN HEHo| Al wakoz JF2Y 3}
ATPG2 G2 AF] Tl Al FAA Q] pCSEN-ATPG2 A %3 WME S A 2SIt Id 14A). 1
2 14A° A BAR+ HIZEF A xA ] tdk A3AHE FAS= BAR % AH(phosphinothricin
acetyltransferase gene)E 712|713, RBv 2 EZ% ZZA(Right Border), LB+ <& ZA(Left
Border), P35S+ CaMV 35S ZZZE, 35S-A= CaMV 35S RNA polyA, PSEN SEN1 X2
B, Nos-AE= =338 A 7 AH(nopaline synthase gene)2] polyAES 7}2]Z1th. pCSEN-ATPG2 M
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HZ FAAZNE T, N7 A12-7 NEZTFUTPG2 F-AATE L= A ¢8-S 9 E(pCSEN ¥

Ehto s ARG of7|F F& oY ofr|Fd)et Wol £ 60LdA 1= THF S ¥
wste] & o, SHAE A72-7 HolA RIS 57| A FEHI 2dFFH EAS MK
2 14B)

EBeoRl  Facl Kbal

a2 14. ATPG2 SEXIO| L3t HE
EX®), d2|1 T, YHEHE 2telof

ol FAMS fr|AUe] FxAF WSE Hop F&3] Felsr] 95t
HJETH T, 3AE FAE To} o5
713t T, 3EAE gAEe] £F &

Ty, pCSEN-ATPG2 TAAE 7HAaL A= T oA 2ls2 ol
(Conm)$} Hlmste] £ o, T, WHolAlet vi7A =2 A=A 1o =7 A% d/do] FasiA
Ebtom, 53] ATPG2 ox-33% ATPG2 ox-6 212 57] QA theto] 33 £HY 2
ZFHTHE 14C). Wk B AFES ATPG2 37k e 259 H7] <

A9 542 ATVHE AL AT 5 YA

ol T F7] AXol I BIF A EAHS JHA= ®HolHA AEE WY T, FEHE
RIS in vivo FEF A Lol T 50YA, I 70€A FHSIIATHIE 15).
pCSEN-ATPG2 TAAE 7}A 3L Y= ATPG2 ox-2, ATPG2 ox-42} ATPG2 ox-7 WHolA 2}l
W71 HZE=F(Con)et Hlw st & wf, T, WMol o} npX7ix = A=A =7 A% 4
FR5A YEP o™, ol o] WHoAELS H7] A TIEFWY ol =] IF F
MA Z719} FAF AArF AT T3S F7F Aol FEEAT olHe =3 AA A4 A
A3 Sdl= glvttt o Aol rt e ol YAl TFE AT-hook proteine encodingsh=
FrAzkel v 2 fARe] o] gRlvitk 254 Zolrh gl TIQlske AR &

2 9 rlo
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GHT FHER AMS ATPG2 RS F7] A4 Fdo] I FAA ] Hls) AekA g
ZAog yehd Wi, $2 3 9 A 27] STk 22 ALY Sl Bo A3 a3E
7 ASE YerRt. mekA AT-hook proteins encodingdts FHAANAE 59 544
wet AL S 52 57] Ao 2833 EAS AFste Aolrt o Budn o
2 A AN S 7 ZHE il SlolA tids] Fa% a]le] B F S Aol
ZhEol EAO mEt A7) A A TN ALY Sl = A= el g
4l 7leol @ Aotk

:. -&tﬁ
"\

ATPG2 ox-2 ATPG2 ox-4 ATPG2 ox-7 ATPG2 ox-2 ATPG2 ox-4 ATF'GZ ox-7
Barindicate Tem

A% 15. ATPG2 Ip2H Of7|FLH T, ERFEHS Hot = 50, O2[1 70UM BHIAY EF

300
=Con
sATPGZ ox-2
250 ATPGZox<4
_;e'- BATPG2 ox-T
o 200
=
[
=
o 150
=
5
@
x 100
50
0
Height 1,0005W

Yield Parameter
a8 16. ATPG2 IM'Es Of7| &) T, HEFMSIA QS MMM =Cf| X|& £M (n=20). Height (cm); NTS,
numbers of total silique per plants; FW, fresh weight of plant (g); DW, dry weight of plant (g); TSW, total
seed weight (g); TNS, total seed number: 1000SW, total number of seeds thousand seed weight (g)

IEH WHolAY AHAE Fdol Ui FAH X 4TPG2 FHAY
AEA =3} A Aol AEY AME FHE LS ¢ I=AE
ATPG2 ox-2, ATPG2 ox-49} ATPG2 ox-79] SAEE F2 F8%F 5
£ A &3t of7|At izt v Bokth H8H AE Fo

. ATPG

ftlo
RN

fo of
o o

oN & & <

el
H o)A

o A3

N

N
froro ok e

1SS I N 2
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o
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2] E-9] 7](height), FZF(silique) H(NTS), A ZFHFW), AAAZFHDW), T F2 FA(TSW), =
FA 45(TNS), 1831 1,000702] F2 FA(1,0008W)olH, A= ¥z Z; 2070419 HF4k
Ot} ATPG2 ox-2, ATPG2 ox-42} ATPG2 ox-7 WolA| SRIEL ZF 7|AFd ool vl
T2 FA R FA Foll oA FUkeke she ASE UEHew, 3] ATPG2 ox-29F ATPG2
ox-4 WolAdl= 1.8¥) ol 71 A E Yetyt O ¥k F2F 1,00070 9] FAE thET
o} & o7k flith. a8 AAFH A A dAA= 4%64 HolA| EFe T
Hlstd of 1.49) o] S7tste AS = YRt o3t A& ATPG2 3 A7 =7 A3
C&o] /MA Z7], T2 AAF 53 2 2= AL %H‘okb 2o 2 ATdATH(L
4 16). WeEbA B FAAe B AE A8 vlo]omjx T2 FgF SHe 22
A Fdigbe SHoA w9 77 & AeE A4dn

éégm
Jlo{m{mr

OIN olN
rlo

36

—+—Con

~@-ATPG2 ox-2

-

S owl [
o 1
o -ATPG2 x4 1

| ~m—ATPGZox-2
| ——ATPGZox-4 |
| —ATPGZan7 |

12 1% 20 24 2] 32 36  40DAE
(CC: Chlorophyll Contents) (PE: Phatochemical Efficiency)

d™ 17. ATPG2 I AETFEHQ| LIo|-2|EH Lotof CHet HEHAY E-@A), BEX T (=6)(B),

azjn ggd 288 (0-6)(©)

o ATPG2 TEE ®olH 9 Yo]-o&3F 3l tigt EA
Aol =3t AA FHE Flstr] s, T, AlthelA Ay A F 12¢ o] FHEH 34H FHY
(rosette leal)= Ul 4wl FAY AZ, < AF5FLH T, I8 FFE 2 S A5 oR
T of71dTiet vkt 1 Ad, of 7T ok E e A-¢ 28¢
£3] Mo YA FE Yo] I AKnecrosis) AEIA] HAEJTH WHH ATPG2 ox-2, ATPG?2

o
o
fe
o
oot
2
a0
oz
©
ld

ox-48t ATPG2 ox-79] 7% Q<] &3 do] 32YRE IPHAoH Ao A L 40U7
dods AT 4= JAATHIY 17A). 18 AFEE v Fo|Ro}, 4TPG2 FAAE 2 &4 =
5} Aol ol Ta3 &S ety ta AdHAT. J549 FFel oAM= ¥ 17BO
SAE BRel o] opyFel AFe dAF4a dEFol AY A F 209 oFHH F4% HAEE
Holm 28UA A=A o] HA FFE =D AU, ATPG2 ox-2, ATPG2 ox-49¢ ATPG2



ox-79] A9 A A T 28Y0] HAUAS WE SH 2719 80% BEY FEA FHFES HYS
SIS = AT FEdE HolAY BEA & HIE AE54 FF WHsle} FAS FFS U
B AT ok T2 A AN F 24 o|FRE FA3 HAsr] AlEE 329 o] FHE &4
o] AZFH O U, ATPG2 ox-45 A3t ATPG2 ox-29F ATPG2 ox-7< A3 A 3 40971A
A W3l A dojubr] FUTHIE 17C). A7) AFZRE], ATPG2 3EE WHolA= ofAY
ZFoll w3l Ao FHo] N 7 FAF S Ze ASE YEYon, Olfﬂfﬂ THAFY] 2=
ATPG2 A e o3 J54 TF 4 2 FPAH 88 42 FHHE 3l & Ay3s
2 W37t AAE O EZN s s o E AET

(A)

—s—Con

—B—ATPG2 ox-2
ATPG2 ox-4 |

——ATPG2 ox-7 |

PE (%)
&

! :

o 2 4 & -3 0 12 DAE a 2 4 L] k3 10 12 DaE

(CC: Chlorophyll Contents) (PE: Phatochemical Efficiency)
a3 18. ATPG2 el FERTFEAN S H-| Lotof Cigt #EH EH@A), @52 ™ 0=6)B), 1
gla FEd 28 (n=6)(0)

% ATPG2 HTE WolAS] FAE w3 HE FH B LT ZAUGL 2o
A g9l ¢k X T:HGP ATPG2 3PEd WHolAle] 9o k3t XA JHo SAS B4
25t T, AltolA dol & 21UA 3-41 2 (rosette leaf)= detachdte] 3mM MES 58
(2-[N-morpholino]-ethanesulfonic acid, pH 5.8)°l F/FA1Z1 ¥ < FEIE FAste] o] 2¥vj %
Y B < 454 T, FEAY &8 9 =3HE fHA E2HS A ol F o

el vwetitt. 1 A3, of71Z ok E e Ae o AP &

6 o]FHEH Jo] I3 dA
o] F43] o 8UA o] I AK(necrosis) *Jﬂl | HEUTh ¥bH ATPG2 ox-2, ATPG?2
ox-42} ATPG2 ox-79] 745 A9 &3l dAe] 109 o|+FH 53 ey & U

>

T AATHIE 18A). FE4 ol UoAA oFTY AF, 454 ol & A F 2¢ <]
T 4% AAE 7HH 6Y olF HA FFE YEW O U, ATPG2 ox-2, ATPG2 ox-49} ATPG2

= 50% oo 954 = YERo(E 18B). & Al ¢
=4 i dste} o] 4TPG2 HId WHolAoA FA TATF HA

mlo
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871 BAHEFH, ATPG2 FEE WolAl= Uol-oE3F 3t} TR R oA T Hls| Q9]
Tiol X I 2HF L Ze AR yeyon, olHd sHARY s ATPG2 Akl
o) A2 o A F FFPA T8 PAE FTIHE 3o WE Aerz Wiyl Add
o BH §RHE o AzdEn
Drought paT12 REIE
90
B0
— 70
e
= 40 ' :
g o v 12 DAT
20 |
\! \ql" }
Ziw S h’ P
& = ‘#b 0
ATPG2ox-2 ATPGZox4 ATPGZ ox ATPG2ox-2 ATPGZox-4 ATPG2ox-7
o) spar
100 sonr : = i =
g7 i
E &0 l
w -
0
: cel con ATPGZox-2 ATPGZox-d  ATPGZonT
(E) i sEDAT
FALER
iw
g
= B0
-5. ]
g 40
§ x
? ATPGZox:2 ATPG2oxn-d  ATPGZoxT
3% 19. ATPG2 AP HEMEH O H=E AEYA I Ch et it?_i%“%* SEd@at o] 7 st a8
|

1m0, ASY AN O EHEN SO, BEY &8 WD), 12D FBA BT HSKE), n6.

uh. ATPG2 FEE ®o|Ao 2EdH 2o ti@d EA £ 4TPG2 vﬂz}«l e W
olAlell gt 7HE A3 (drought tolerance) 442 o} <
Agstal, I ol doju= HA A& 2dY
37_*8}0:] Zheol ok A8 A=E & ]

Y N7 IFE Theoll oal o &3} Aol g5 JAHS
7ﬂ°ﬂ AAXE 7HEe 9ot @A3] 4TS & F dAT T Blst ATPG2 A
1 HolAlE 7he Aoz 9 =37F o e P lom, I Ao FAo oA
e} (o2

o °
w
()
e
kﬂ
1>
m{n
flo
o
ru9
offl
r&
A
o
o

T oy vty H53%] =S & T AUUTE olHT AR S 4TPG20] ThE ZE#H 2 Eo
A A& F& BEFE AUS 7tsetA 8 AEY JHE 2Edzd g AgHS AT
T AS ougt
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ATPG2 &d WOl ] 4kstz] 2Edf 2o g AFAAE A Y8t 3mM MES &<
50mM H,0,5 F7Fste] ol & 259U 9 3, 4 & detachdt] floating3t ¥ " 3 34 o
6 &< AE4L FFH FFAL E&5S SHSY H0, 2E#H 2ol gk A AEE #R
2 ZF oNMAE ARG 354 FF2 663.2 nmet 664.8 nme] FF AlFE o]&
Lichtenthaler2} Wellburn®] W (Biochemical Society Transduction 603:591~592, 1983)°] wiz} =4
stRow, FFE 889 SHLE 2 Y WH(Plant Mol. Biol. 30:939, 1996)°l w5iTE.

T A of71 A opA ol wste] 4TPG2 FEE WolA|, B3] ATPG2 ox-2 IEF WHolA o
A dY F3 FF AdH, =3 454 FEF F FHFAL BEY A, 53 5L T
a7t AdEe AT 5 JAJHIE 19C-E). I 7HE 2E#H2 A npIA R
ATPG2 ox-2 WolAl 2}Ql-& ATPG2 ox-49} ATPG2 ox-7 WHolAl 2kelo] nlsle] X H& H,0,
2Ef 2 APPE 7HA e ole B HolAEY Ao fAx ¥ AR T|Qlste Ao=E
TR o] H g AP ATPG27E A &9 48t 2Ed o) tid A&

iy
B ATHe o fHAe Z%e Brk A% YA WY 5] @A Yol-9 £ w5 g
AE waol U@ wad fAAe] HH B 5L A% FUsn Y Folth

2. ATPG4(AT-hook protein of Genomine 4, At3g04570): =797, LA SO
2E#H 2 A FA4A, [E3EY 10-2011-0110593, PCT/KR2012/008798]

et

7h AEe A FU, =3 XNE a8 2EH2E WAHL ATEE ATPGY SRR
Wz o 7]t e] AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN (GeneBank accession
number NP_566232.1)9] @7|AEdS 7|22 3] AFRBA Pacl®] Aol =3H B4 =
o] ¥ (Pacl/AT3G04570 SOE-F, 5-TTA ATT AAA TGG CGA ATC CAT GGT GGA CAG-3)¢} A
S A Xbal® AMEo] EE Iupek Zlo] M (Xbal/AT3G04570 SOE-R, 5-TCT AGA TTA
AAA TCC TGA CCT AGC TTG AGC-3)& @A3ATE 47 F ZgolHE AL&ste 7%
] cDNAZXH-E PCR(polymerase chain reaction)< ©]-83} X% ¢cDNAE SZ3tal &3t

47 E2]¥ cDNAS| 4 A3}, oF 32 kDa®| TAFS 2t 315709 ofv| gk s stst=
948bp =712} XA} d= E(ORF)< 7FA AL °‘£ttl, 1 719 dE(exon) o2 45 A< &
QA3}R AL, AT-hook =W1-S 7FA AL Qo] ©]& ATPG4(AT-hook protein of Genomine 4)Z ™

ST

. ATPG4 F'LE N7 Z Y BRFH EA: 7] 7127 A5 A S =
s} A o] 2EH 2 WAS AFEAE 18] st ATPG4 3
A% Al FAAE 7| ANE A xdt] ATPG4 HAARA Q] 2HE W3AZ
o} AFR 3 2 T E(inducible promoter)?! SEN1 ZZREH 9| ZH & V=5 A%
3 pCSEN = gl Wgko g7 FEYSIY] ATPGY A thdk Al A4 A9l
pCSEN-ATPG4 * = AZSITHIE 20A). A7) SENI ZEREHE 259 A4 oA

2
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o wet A= FHA sl Solds et

47] pCSEN-ATPG4 A Z% HEE ol1Zvte|glg FHIA A2 (dgrobacterium tumefaciens)©l
U HE Z Z Y o] d(electroporation) WHS o]83t FHAAZES FYstAt. ol FAHZA
NW7NHHE AL ARAA FAHTHE FHEAT dx2Tdo=v JFEHSHA G2
ok (wild type) oNZIFTI EE ATPG4 FHAAZF EdEA & WE|(pCSEN HE)THS
FAAGE N7 HAE AHESHAT

-5%} ATPG4 ox-7 bﬂcﬂxﬂ 2l 7| Zd tlZT(Con)2t Wn 3t % UH, *““xﬂ«l T
Aol FEsHA UEt o, of2] olF WHolAES

AA X A 2719k TA ALFAAE FH S @Al
AT AR Fde 9l Rkt QFZ_P)—‘! 2ol 7F AAE=H ol I
e o] #l winp 25H Zol7t ol 7IQlske AR ddHEY. A¥d =3t
A TIPS 7R E WHolA| o] ARAHOF ATPG4 FAAY FLFHo] o FEHUEA
Selslr] 98t ¢RT-PCRS 33 A, of7|Zh ofAF | Hlstd ATPG4 ox-2, ATPG4
ox-58} ATPG4 ox-7 WolA Y ATPG4 ARl WdHo| HAJ Z71F

ARNOH, o]# gt AR B HO|HEC] ATPG4 FRAS] HRAADE F

20C Al YEFLE 0]

e

pCSEN-ATPG4 vector

©),

w W oae
r Ay N o

Con ATPG4 ox-2 ATPG4 ox-5 ATPGH ox-7

Relative expression (ATPG4ACT2}

o — -

Wt ATPGA ox-2 ATPG4 ox-5 ATPGA ox-7

Bar indicates 1em

q7 20. ATPG THEY WEA) B YUHEHO EFYH SY®), 12D KX WY, IYHRT
ACT(C)

rir

ATPG4 SRR A2 Bd A7} 58 ATPGY ox-2, ATPG4 ox-52F ATPG4 ox-7 WHO|A =L
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BTtz v A =27, FA sE8F =
UElS T O29H SrEe AR #A *JEH@ Ty AHRr

czhg} Ao g Yepdth wEd B frixe wds 24

& A
ERYH 542 M 4B YU ALY F UL o Buhn,

E

i

4 BA: ATPG4 FRAe] #Ld

o
Bo| MaA ZOlE 8uE 4 QX2 593

gl

o ATPG4 TEE wolAe A Fo
< B3t Ao AEA =3t AF o] A=
7] {15t WolA| ATPG4 ox-2, ATPG4 ox-5FATPG4 ox-79 2RJAEZ FA F8&5F T2
A S ARE A L5t o7 79 ¥l as) E‘”;M(:La 21). 485" A4
Ax= 2 E29 Fl(height), &2t (silique) F~(NTS), A A& (dry-W), F T2 FA(TSW), F F
ZF S2(TNS), 283 1,00070 9] F2F FAl(1,0008W)olH, Azt eld 2 Z; 2078412 H F3ko]
o}

il

o[N my
ol
o

2 rl

Height

250 =#=Lon

=l—=ATPGd ox-2

200

ATPGY ox-5

—— AT ox-7
1,0005W

THS

TSW

= 21. ATPG4 PES Of7| = T, dEF=N o MAM =0 X|&E M (n=20). Height (cm); NTS,
numbers of total silique per plants; Dry-W, weight of plant after dry (g); TSW, total seed weight (g); TNS,
total seed number: 1000SW, total number of seeds thousand seed weight (g)

ATPG4 ox-2, ATPG4 ox-59kATPG4 ox-7 WHolA RIS EF of7]& thz7ol Bt 1.54)
o)y FA FAC AAA Frlsle AR Y ew, T 1,000708] FAE ATPG4 ox-2
HolA|7F 2ol vlste] 1.48) o] FUhe Ao R UEETh o]E g AMHE m]FojHol E
fFrazrel e A JNE AT|ek AA FAO i BT FUF A4S AFsteE HoE A
SEY. T8 AT A Aol JdAME Fid HolAE tixF ol vty FEg St
QS 7M. oleldt AME 2 ATPG4 FAA7E =31 A i A Z7], T4 27 2

2 A S 2L AEo ALY SHE Fdste ZAoE dAddEth mas B fFHA
g AE2 AN Fdigte SHolA ule JHAVE =& AoE A7

T oy
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2t ATPG4 TLE oA 9] Yo]-o&F w3lo g SA £4]: 4TPG4 HLd WOl
Aol w3t A FAS Gty sk, T, AdellA A A8 3 12¢ o|FHE 349 29
(rosette leaf)= ©] 4¥vit} 40¥7hA] EEE #F, o G54 I, 282 FFAE &8 E& =F
sted of 71t thETtet Hlwetth. I Ad, ofrIF okl P e Ae 289 olF o] F3}
Aol FASA YEelgon 324RHE o] I Alnecrosis) ‘FEICl HAEUTH WA ATPG4

ox-2, ATPG4 ox-5%} ATPG4 ox-72] 745 o] 33} /o] 36¥ o|FHE = or o
A B4 40Y o] FHE dojdS QAT F JATHIH 22A). °o]H T AREE n]Fo] Hof
ATPG4 AR = A EA =3} X Aol o F83% &S Fddsie|gta Fdenh

AEL FFS 663.2nme}t 664.8nme| FF AFE  ©]83l% Lichtenthaler® Wellburn®]
YW (Biochemical Society Transduction 603:591~592, 1983)°] wg} SAstAoh I A3, I9
22Bell T=AIE nBRe} o], opFe] A Q5L TRl AP AAH F 24Y o] HH FH7
s Holw 36¥A HE49 kol A9 0%/l HUALYW, ATPG4 ox-2, ATPG4 ox-5%%
ATPG4 ox-7¢) 7% A9 A4 F 28U¢] HAs WlE 54 2719 60% ol de d54 FF<

Bee BT F Utk

2 59 WH(Plant Mol Biol. 30:939, 1996)2 o]&3te F3Ad &8-S ZH3AY ¢4 Z
DAE(day after emersion)®] Sl 1583 & AHgd £, A& && #247|(Plant Efficiency
Analyzer)(Hansatech) & ©]-83le] FE549 F3F & = I e el & 4
o} o], ofFL A A F 32¢ o|FFEH F43] #HA&str] AlEE 36Y 1 FH &40l
O B-5 AR O U, ATPG4 ox-2, ATPG4 ox-58¢ ATPG4 ox-79] 745 A9 A 3 36714 &
4 W37 ALY dojuA] FThrt 40€ A o]F &4 i*a‘o dojytt. A7 AHEHFE, 4TPGY
R WolA= ofAF| HlE| o FHo] AN U FJAF S ke ALSE UEE e, o)
AR EI= ATPGY FAAl A G54 oF 4 83 FY 5E FaE THH

g 3
© =3l o2 A5 WSyl AAdE o =2 fEEs ASE AZHE
3"
'g_
5
G
s -
S ———
{D) Bar indicates 1cm
CAB2/ACT2 SAG12/ACT2 SEN4/ACT2
3. : Sl | m e
E " "_\: amgar - it Y ] N I o ;
é Ii i i / . g - ."3""“
: . SN I r————~—— 2 T — —
a3 22. ATPG4 L HEFMEH|O| LIo|-o|EX L3lof st EHEN EXHA), HEL &2, n=6(B),
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Ok

—-
|
3

MY B8, n6(0), 12|31 3} 0 SERIS] WH YN, 2 XL PN T ACTY 2 SHK

251 9| relative level(D)

=

ret m

SR FI ATPG4 ox-2, ATPG4 ox-58¢ ATPG4 ox-7 WolA|olA w3} 3 71 A} (senescence
associated gene; SAG)E°| W& wlwstr] Hs), I HE AR F of W& ATPG4
[e)
q

>

B
a =
-E:{o

?_]__
FAZ e} 7t w31 A FAAEL Wwd UGS qRT-PCR 48 53 At 13 22D).
ORI Fl A, CAB2A(RE=4 ab 2T wf)el e F3tAo #AHAH FHAe wde
AZro] AgSE wgto vy sty oI ATPGY AT WHolAEL v A S
Z

Yetdeh 28y 2319 signalZ2 AFREE SAGI2 2ol g, ofES ndA Hu
e YeEl = 9, 4TPG4 i WO AEL 36U7HA F7F ddo]l AL YERUA] gt
404 R = oA Foll HEt] kS signalS YERATE IE]l3 2E9 L3lEd HIHo=E
do] Z7lEE Aoz AHF SEN4S] L o FolME 208 oF FZIM Fveke
WA, ATPG4 T3 WolAE2 =3t A AAFANE SEN4S Bd F717F 3A YeyA
Edth. olHT AMEE FTHAMEW ATPGY AT A FEodA =3ko] Azhs A st
o] AEL FF, FRH 5E T 2e AYH dYE 2EFoEN APFHo=

ok ATPG4 FEE WolA g ¢-F = 3o tEd 54 &

=) L A 23 X gRlew &
A2l o Aol th3k 4TPG4 FE WHolH o 4o =3 A FAo EAHS 437 9t
T, AdalAq ol & 214A 3-49 FH(rosette leaf)= detachdte] 3mM MES 58
(2-[N-morpholino]-ethanesulfonic acid, pH 5.8)°l FFA1Z1 &, & FElE A5t o] 2¥vjt 3%
Ay B < d54 T, FEAH 58 ¢ =3HE 5 EFdE ofdF 7S} vl

39k,
4 6 10 12 DAT (B) 2 . "‘:*t\
- 2 NN =
y ] N\ )
‘ ’ g - AVAY | ——
= L N W
‘ ' ‘ ‘ 3 i
g
= '
Q
( Yy ©
I R 4B " :
g A\
' ‘ & * \‘.\\\'\
i - LN\ =
! N
Bar indicates 1cm ' om
(D) CAB2/ACT2 SAG12/ACT2 SEN4/ACT2

Ralative value
#
|

13 23. ATPG4 Tps HE &
8 8, n6(0), J2lD =3t 0 SERIS WH YN, A FAE Y fxTO ACTY 2 SEX
19| relative level(D)
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I Ad, W71 ZY ok A o Ay F 49 o|FHE o 3t AAo] XA E 6dA
Qo] I AK(necrosis) FENOl HolE WA, ATPG4 ox-2, ATPG4 ox-5%% ATPG4 ox-72 749 49
o] opg ol Hlste AAEHE AR HAXH, 53| ATPGY ox-59 -5 Aol
FEHES AL F AATHTE 23A). oF Aol Y3 =3} T 454 FEFHR FEA
H3lo] QlojA T oA F ol wste] ATPG4 WHolAE2 AEY Aole IAT F&F 2 &
Fert A8 S o F AATHE 23BS} O).

l

oS o
wnt]o_l{oﬂ

oX
ot

T3 =3 AFE FHAAR] SEN4SF S4GI12, A8l3 Fo|EF FHAR] C4B29 THES FARSH
A3, 9 28Do ZAIE upe} o], o Poll M|t ATPG4 WHolAEL SAGI29] WEo]
|9= a1, SEN49] A&l AAIES & F UUTE olHT ALE W Fo] Hol 4TPG4
e =3 AZE FAAe] Id AVIE =FEAY E2 BdES AAANA =3kE
AANTE Ao g dAoHAT)

2

N

R

)

Bl ATPG4 FLHS = Q1% 2
I Ao w}% bﬂcﬂilfﬂ La@‘r A
T, At 10 k<1 AA D AL Fiol thek
ZAE2] ATPG4 FJrEL}‘ Az, gglz WolAd gelSe Ayal
o =79} Bl 2SR T

=31 Adg LA FUe ATBA EH: ATPG4
I A SO gigk dadA

l"_l.,
QL
£
br
i‘l

.

Bar indicates 2cm

C!
G)
§ ¥

‘ACTZ)
Al

Relative expression
(7P

Total Seed Weight (%)
=
g

*
* 2
T |
*
100
2.3
50 I
i &

Wt Con ATPGA ATPGA ATPGA ATPGA ATPGA ATPGA ATPG4 ATPG4
ox-l1  ox2 ox3 oxd4 ox5 oxf ox7 ox8

I*II I

Col Con ATFGQ ATPGA ATPG4 ATPG‘ ATPGA ATPGA ATPGA AT'I‘G-G
nnnnnn 2 ox3 x-5 ox6 ox-7

I

07 24. ATPGY TUHOZ QIBH AE 3} X|QITt MAA SrHO| ABEA BA. ATPGHIIUH Ho|
Hel addN EHA), ATPG4 TXe| HHl A4, 2 =X ¥d T ACTY 2f KX Lo
relative level(B), 2|1 &X} £, n=20(C)

ATPG4 T WolA o] wsiAd gl A Foiol o3 2 EA4e &3] S sk
A 4T T, FEAS oZIFW 3=l fjel FEER sElE ARste F 8ERlY T
FAASE oA 2Add oHZIEH o (Col-0)3  thETH(Con)d EAEFZ WIE
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masldeh. AEE oA T, FAAE PUse] mHY G

Co
3
o
i‘—";
n o7

FHSIITHLE 24A). AA X OS2 ATPG4 ox-13+ ATPG4 ox-8 W < A9

6 WolAl ZRIES BT of7|At izl Hlete =3 A xIFH EAS AL
Ao W, 53| ATPG4 ox-3, ATPG4 ox-4 2} ATPG4 ox-6 HolA ZFUEL 3} Ao w3
E4o] ZAEstA Yetue AR FRAHJT. I BFA ATPGY ox-2, ATPG4 ox-5°} ATPG4
ox-7 WolA #}Ql& of71HT thEZF(Con)ot Fldte] & wi, =49 =3} AA FFERG
MA A719k silique BAHEF T AL Foidl oA FEHIF FAFZF EAHES JHHTH

o
WolA IS oled ERFH 54
AUd B Aol AZolo 7|QUT

g f3x Td A=E A5k

=3k A H A Fdol] did £dPH EAIA ATPG4 FAAY] AU I HEeho
FHABAES BNl fste] AF A T 249 A 9] WolAe ATPG4 FRAAY HE SAS
ZAFSF A TH Y 24B). WHolA| 82kl BT of 7| ofAFoll wiste] ATPG4 A TR0
F7ME = Ae AT F Aden, oy AL B wWolAEe] 4TPGY4 #FAAE
PEAAYS FHeL At FHFAE, =SAA HHFPo] FHI ATPG4 ox-3, ATPG4
ox-4 2} ATPG4 ox-6 WO|HEL ATPG4 FAASY Atz 2 A=rt &2 v, A =719

silique A4t S7H9F 22 LA FUe 2388 EAHS 7HA = ATPG4 ox-2, ATPG4 ox-5%F
ATPG4 ox-7 WHOlAEL E5F ATPG4 FTAAS Azad T3 AZr7E @ Aoz yehyt
A B fHze] wdEEg 2 AEo ALY U T2 =3 Ae ndEFFH EAS
T AES Yooz Qg & AT}

=4
ATPG4 & wWHolA e ATPG4 FAA #FEEA A= MG Fdld digt 54& 2o
Ags] BAS] 9t wWolAl #SHRIEY F O FTA FAE NUIZW ok EH ¢,
B3 ATHLE 24C). ATPG4 ox-3, ATPG4 ox-48} ATPG4 ox-6 WolA S0l H|3ta] ATPG4
AR AUA B AET} ES ATPG4 ox-2, ATPG4 ox-52} ATPG4 ox-7 WHolAEL FA}

FFo] JoAA o7 F tiETF wiske 178 ol FUiskeE Ao E et Wb,
TR Bd AT AWHO R ==& ATPG4 ox-3, ATPG4 ox-42F ATPG4 ox-6 WHO|AEL
0 o

N7 4t ol Hste] 130) olsle] F7h&, WA} ATPGH or-6 MolAE @3] Fags
AAE Ao gt Frze AAe A4 ST 54 94 X wolA gl
3 AZE 1FY dET 2 Aozt gnke Zolth ol¥d AMe B fAx

o

o

dddog Qg AME FUe dEzFY FEHA7I7E Blsstd ZEY FEgA7| g
TARE AL 5 oge} gzt

olgg A}E FTHMEH, WA APTG4 FAAS] ¥d AHEVF oW ESTFE AEY
THAG o] ZFEsHA YEhve Ao R AwEY, o Ei S A B fHA] HEe £
AFAS 878 AE 58 FAEd g AHS AT Aolg AAAT =3 4APTGY FAA
o] AA W 2HE FEAVI dE2Te v AEY AL S EAS AYsH
el Zo2 dddrn. mepx B fdxY dds 234E & e ZEERHELF
o] v Z29EH, 54 T2 RH, /|# £ IFE 50|73 TRy 5)E FEstd
A Fd ZHE e 2 AHS Agsiee BadEn
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Al ATPG4 FEE WHolAe] 2EF 2o td 54
olAle] tgt 7 A& (drought tolerance) 42 ol &

Agstar, 1 Fetell dolues HA AEe] 2P A wste}

w Mo

A ATPG4 FAAe] #HEd W
0449 == 16¢d & 7Hes

= MAS e FA WHEE v

1>

wate] ZhEe Ui AN AEE st I A= I9 25A9 Bol Z=AIHAG. oRAY
g o7 HE THEol oal 19 &3 Aol §53%] IAHS & F UReH, EI do F
A QA= 7HEo 28t A3 gagS & F AN 2ol vIst ATPG4 F A2 3}
I WolAls 7 AMEdxE 49 H37F g3 I om, =g 9o FAo oA
S oy wiste Y53 = At o] F AL ATPG47} 7HE 2E#H 2 Sl
M= AE9] 7hE 2Ed 2 Ui AFPES AT

the

-

[
Con  ATPG4 ox-2 ATPG4ox-5 ATPG4 ox-7

C]

8

g

[——can *“\%

—— ATHGS ow-2 —

§ & 8

-ATHGS ox-5 ~4
| —antes a7

Total fresh weight (mg)
g

2’/?
l

Chlorophyll content (%)

°

] 5 6DAT

J8 25 ATPG4 IR UMM AZ AEMA0 3 BHEY ST Yo A
n-6(B), 2|1 K0, AEHAN Ch EHEH SO L FHY 28 Hal n6(D)

ATPG4 FEEA WolAH o] 4Fst7 ~E# 2o Tt 3S ZAH7] 9138k 3mM MES &< o
50mM H,0,E F7Fste] ol 3 259 % 3, 49 & detachd}] floatingdt $ o] 29 tH o=
A=2 FHFF FFAH E8E =AY H0, 2EH 20 et AT AEE 2AEE Y. o
7174 oA ol Bt ATPG4 A WHolAld A= Ao 3 AN A, = AEL T
F 2 FIA A S&(data not shown)o] Aol YAXE AAFES FAL & AATHH 25CS
D). °o]# & AR S ATPG47} 21 &9 43 ~EF 2o g AIAS AFdctE AL 93

=

Y

%

'

o

o &

wElA] ATPG4 FAAE AE9 7He 9 4ksd 2Ef 2o Ois YA S AlFste] 2EdH
A ZE kel o] we AHE
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3. ATPGS8 (AT-hook protein of Genomine 8, At3g60870): =7]89%, A4t4 Fol £
Z2EG 2 A AL [E5EY 10-2011-0038932, 10-2012-0039113, PCT/KR2012/002967)

7t A71ZERY =57] A% 2 ALY FU Ve E ZE ATPG8 FRAA dE: ol
7142l DNA 2% ©zd ¥ o9 (DNA-binding protein-related, GeneBank accession
number NP 191646.1)2] @A7IAEE 7|22 3t AdEA Bglre] Ado] e AW =zt
o] ¥ (BglI/AT3G60870 SOE-F, 5-AGA TCT ATG GAT GAG GTA TCT CGT TCT CA-3°)$}, 4@
T2 Xbal® AEo]l E3tE 9 Zzho|w(Xbal/AT3G60870 SOE-R, 5°-TCT AGA TTA GAA
AGA CGG TCG TTG CGT TC-3 )& #/d3+Hth PCR(polymerase chain reaction)S ©]-83le]
4 cDNAE F3sta &8, #43 23, oF 284 kDa®l BAFS Ze= 2657019 obr|ibs
a3t 798bp 2719 HAF 3lF E(ORF)= 7FAAL Qo 1 7Y dE(exon) o2 T4 H
o] A=< FUstARI, AT-hook E=wIE 7FAIL Qo] ©]F ATPGS(AT-hook protein of
Genomine 8)Z ™3} T,

A7l AT e A% Tl 2 AMAE SO Vles ZAEAE FdEr] #sko
ATPGS 37 It WHo A& A|Z3tA T Inducible promoter?] SENI ZE2XE S| ZH-& wb
5= AA3 pCSEN #WE o] M2~ o g FEY3st pCSEN-ATPGS A =3 WEE A 433
CH ¥ 26A). pCSEN-ATPGS WHZ FAMEH T, N/ Ad) AT8-102 WZT(ATHGS A

" e
off

FA Fgg e AA =27 Fhs 2

() BeoRl  Bglll hal

PCSEN-ATPGS vector

3% 26. ATPGS QEX0| Ch3t YU WE BATA)Q} T, HE
EXB)
=1 O

ra
riot
=
10
ne
2
ot
(=2}
[—)
ne
=
H
ret
ot
it}

ojelg FHAAZ of 7]t

kd

¥ WIE Ho Zgs] FAsk] fAste] T) A 4%
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HZ5EE T, A3 FAE wol o]l & Rl TIPS ALY, Add =3 XA 54
S 7HA = WHolAl o] ATPGS AR &d oS EX35Lr] 9ste] AR A F 208 59t
"31#?5} of 71 At ok I ATPGS ox-5, ATPG8 o0x-99F ATPGS ox-10 WHolA|e] Ao ZHE HA)

o

RNAE 717} FE31a o5 o] 8314 cDNAS FASAL o|F, &4 F DNAS FFO=Z 3

, ATPGS +3A9} PCR ¥4 UIR2TE ALEE ACT F3AS Uz fHx #dS A}
o}i’iﬁ‘r. 1 Az, o) 71F ok ol HlEke] ATPGS ox-5, ATPGS ox-99F ATPG7 ox-10 ¥ o] A <]
ATPGS Aol rdo] dAA3] F7iEE Ae AT 5 JJoeH(ad 27), oldd AL

B HolAE0] ATPGS FAke] R HAYe Skl AT

ATPG8

4

3 -

2

1 i
0

ATPGS ox-5 ATPGS8 ox-9 ATPGS8 0x-10

ATPGS/ACT Level

a8 27. Of7| YL oA} ATPGS-BHEHNM 2| ATPGS |HXEe| EH EM, XY U= = ACT.

ATPG8 ox-5 ATPG8 0x-9 ATPGS 0x-10 Con  ATPGS ox-5 ATPGS ox-9 ATPGE ox-10

Barindicate Tem

0% 28. ATPGS THEH of7| | T, FUHEHO| Wot F 50Y 12T YR EHYH S

HE o7 T, A3 2l
THL¥ 28). pCSEN-ATPG8 T4
oA <l of7|FAth thET(Con)2t ¥l dte] & uwj, T, WHolA9} u}xmxli AEA ] 4

.’ ole wol & 50U, 1T 7094 433}
g‘;\ o

1

q 93 Bl ol daston, G °l
2= A

T fe]

2

3 &
il YI& ATPGS ox-5, ATPGS ox-9°} ATPGS ox-10

) 2o el fasin, ol s
Qe ol 28 27914 YEhjRol

o)
2
03:;1—:
:iom
oz 2
>
— N
o 3
o|N
s

fo
%0+
=)

o

o=
:l>
J%E
N o
- =
= >
%P
S 4
3L
o, I+
3
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AR FTdo] el witk 2FH Zpol7} Slgol ZIQlEteE AoE ddHT. FHEE AR
S 78 A% o] ZEI ATPGS ox-9F A Tl JAA F FEF A AolE K IHA
= W, A% FZo] AR s ATPGS ox-59F ATPGS ox-9% A4t Zdiol oiA o
zTo Bste] T £ SV 2 A 27 STk 2 & ¥3FZ 5SS VA= AL
2 Yeigth geba B Frxe] ddy 2de Agkd Sdiek £ A Ui 2998 5
e 712 AES YR AT ¢ S AR dddn.

. ATPGS FLE oA o] AP Folol i 5 £4: 47PGs FxAe 3
< B3t Aol AEA w3 AA do] AEY AL FUE LT F Jd=AE Fls)
7] f18ke] WolA ATPGS ox-5, ATPGS ox-99}% ATPGS ox-102] SAEE FA 8% 53} &
AR S AZRE A8t At iz Rlus] Bokth 88 ALY Fo A e

21 & 9] 7](height), silique T(NTS), A F(Wet-W), A A ZF(dry-W), & T2 FA(TSW), T 3
AF=(TNS), L8] 1,00070] F2 FA(1,0008W)ol ™ Azt glE@ 2 2z 2070412 - 3kol
T} ATPGS ox-5, ATPG8 ox-92F ATPGS ox-10 WHola] IEL 25 of7|ZAY tlx7o Hlstd
TA FA 2D A ol oA FTelE st AR YERY o, 53] ATPGS ox-58F ATPGS
ox-9 WolAl= 1.58) o] F713F o= Yeyth 1™ v FAF 1,00070 9 FA = thET
oF & ztol7t filth a8l AAFH AAAZA JoAx= A WHolH BEEFe il
Hlstod of 158 o] F7lste Ao = Ueyt ogjdk AME S ATPGS A7t =7] A3
Tl Eo] /A Z7], T2 A4 34 22 A4EY A4 e Fdste ZoE AddAt(a
g 29). A B Y B ZAE F82 A FdiEte SHelA v MRV =5 AL
2 AZEn

1

.
o

l
o

{o

il

Height
250
=l=ATPGE ox-5

200

ATPGE ox-3

= ATPGE ox-10

1,0005W NTS

TNS “- ' Dry-w

TSW

13 29. ATPGS IPLH Of 7| T, HEMEHO MMM =L X|E M (n=20). Height (cm); NTS,

numbers of total silique per plants; Dry-W, weight of plant after dry (g); TSW, total seed weight (g); TNS,
total seed number: 1000SW, total number of seeds thousand seed weight (g)
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o ATPGS FHLE WolA9 Yol]-o&F w3l o 54 E4: ATPGs HEd H
olAe w3t XA WAL sy A, T, AtolA AF A T 129 o] FTRE 349
HA(rosette lean)= W] 4Yvitt Ay #Az Q G4 g, T8 B SAHS 2 of
Nz 7| Auet vlwsdgt 1 A3 o7 AY opdE e AL 24 o]T Qo] 33 FAfo)
o] 2R FE o] I AKnecrosis) FENO] HAEUT. WA ATPGS ox-5, ATPG8 ox-9°}
ATPGS ox-10°] 73-% o] &3} o] 3695H IPFHAom <o AA A4S 404 o=
Aol dojuA] ¢ < fé} 5 AATHIH 30). ol T AMFE H|FojH oL ATPGS
AR AEA =3} Aol o Fag 9 Fdsteeta ddH. Oﬂi/\«l g Qo]
Ale 3% 31A9 EAE H}Q‘r ] W’o‘o A G54 ol AY A F 24Y o] FHE]
FA3% A4S Holn RNYA =49 ko]l A9 0%7F HAL Y, ATPGS ox-5, ATPGS ox-9
9} ATPGS ox-109] 749 A9 A8 F 32¢0] HIAES W= 4 %7]9 80% °1de 454 3
FS BHYS AT = Ut B WHolA Y BE A& ¥lE JEL T wskel fA
%%}% eIt ok E2 AgG Y T 28U o|FHE F43] A3 AZE 324 o
FRE FAo] gRE AZEH O, ATPGS ox-5, ATPGS ox-92% ATPGS ox-109] 735 A4 A
F 36Y7MA A WE A douR Zuirt 40€ A 2l wet A= Aole AT <F
20% W AET A LAo] dojyith(1d 31B). A7 AFRZRE, ATPGS i WolA=
R Fol w3 o] o] AR 2 FIFPY S e AS0E YEgon, Olﬂifﬂ ’““s‘ e &
= ATPGS A 9% 54 % A 9 P
Aslerd Wyl AAdH 2N FEEE oE AzErt

4
[o

93)]\

H
R oo
am\;irg
o
o]

g?i_,

r;'ﬂ

Barindicate Tcm

a3 30. ATPGS T HUHBH(Q| Lo|-2|EH w30 i3 BHYH 53

SRR =3 ATPGS ox-5, ATPGS ox-9, 18|13l ATPGS ox-10 WolAA +3 HAH

(senescence associated gene; SAG)E2Q WS vlwstr] ¢sl, o dE A F<
W2 ATPGS fraxket 7t 3l #d FRAEe] FE S RTPCR 4= T3 Felskad
o oRAFO AF, CAB2A(FF4ab A @)et 22 FFAH #Hd 73

kol A GE w3lo) vlEste] ASEE T 18y ATPGS HEdE WHolAEd A= A
o]= Aoy olF FHAL WA A o] AAdHES & & AAY SAGI2 2 SEN4S} ZFe
=31 I3d FHAAELS w3t A A 1 EdHo] FUIEE AoZE <A vk SEN4S S4AGI2



5 ofATAA Y AR F 289 olF F43 FUiet R2dA Hde LAAE VMR =
H|3l|, ATPGS ox-5, ATPGS ox-9, 18]l ATPGS ox-10 *H©]x l T SEN49} SAGI29] wdo)
A9 AR 3 36dA7MA AL W3UF glv ASE UEHTE S ATPGS FAAY] I ¢F
des = }oﬁifﬂ AR R ATPGS A FLd WolAE2 oA F ol Hlste] & 50|
dAAs] = =3} FoF HRIEE HEY ztoje JAT 24U A 289 Abolo] A HIAE
ﬂi‘iﬁ‘rﬂ AXA o2 Zraste ZAoE Yeiwth. I8y o83 4 A4S 7HHdE B8t

I AT oy F A MM E L TH FEe FASAE de ASE YBERHH(LE 310). ©]
23 AHS SRR ATPGS A B4 FEA 3k AEe A =

2 BFYY 5 s 22 AU NS 2AFoEH Ao FHYPZom o F
= Ao vorE,

SAG12

2,

CAB2/ACT Lovsl

SAGI2ACT Level

Chiorophyit 0(!\!{A
8
ny
i1
F
£33 |1
Al
(5]
ps
0
»
{
3
2
&
}
i

(B) 1 ATPGS

©“
2
£

FyiFrm (%)

% »
SENIACT Lovel
ATPGBIACT Level

a8 31. ATPGS IpEH %* 1§._WI°I Lfol O|EH Leoiof cist R &F (=6)A), BEE 2E
(n=6)(B), 12|11 ATPG81} =3} OrH {HXFe| Ha Ay, &g == ACT(O)

B ATPGS LW WolA) HAE sl UF B4 B waE 2uuny @
#HZ golol o 279 ﬂ}ﬂ ATPG8 I WolA o] o] w3} A A
25t T, Mool ol 3 2194 3-41 FY(rosette leaf)=
(2-[N-morpholino]- ethanesulfonic acid, pH 5.8)° F/FA1Z1 3, & HEE FAst vl 2¢rjt}
Y #F, A 54 I, BEAE 55 2 L3dE FAA RIS AR ofdF ol 7]
el vlwstder. 1 A, of7|AT] okFF S A o M F 4Y o|FRE do &3 A
ol Fsxo] 8UA Slo] I Ak(necrosis) FEIO] HAEUTE WFAH ATPGS ox-5, ATPGS ox-9%}
ATPGS ox-109] 7% 949 &3} o] 129 o|FHH Yeutr UAs5S AT + AU THE
32). 954 @%“’ﬂ UAA oFEFY AF, GF4A Tl & AP F 4 olF FA4% FAE
7t 6d o]F & AHESA @2 FEHIY ¢F 10% °©lFte] FAE UERR oY, ATPGS ox-5,
ATPGS ox-98} ATPGS ox-102] 73-F, & 6L A% 60% ol F54 FFes Hetltha
H 33A). & APl o3 FH "5& WHIes G54 I kel 2ol 4rPGs FEd WolA)
oA &4 AV A% AAdEE & F UJTHTH™ 33B).

p

2 GHAAQ SEN4S} SAGI2, 281 Bo)E=A FHAQ C4B2Y WIS zALE
H 33C =AIE uke} o], opAF o] oF Al & 4dA S4GI129] ERo] AAE F

=3, =
Az, 1
I 6dA HIAE dEhle W, EE dolAldl A= oF A Ftb Ao EAHA U

Q)
=
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SEN42] o] gloA, okdel A% o A2 27 F BHol AAI Zrleld UM AT
A2 Yehe W, H0d dolAel At oF Mg B oklFl vt dxAs e WY

< UEhASITE @9 ATPGS FAA] %, ok FolAE 9 wHo] gl v, HId W
oJANAE & A A F7 A4S B 6UA HIAE AL olF #ATL & & AU
T AAZHQ] FEFLe opPF el vlste] A B ASE yEhgt) o3 AR nE
o] Ho} ATPGS HAAE w3} AX FHAY FH AV]E EFAY FL BHES AAAA
=315 AAATIE AoE Addn.

a3 32. ATPGS L FUHBHC| Y-S w30 ) EHEH X

(A) ™ ©

00

80

60
a0

CAB2 SAGT2
0s
. 3 08 [==con
8 o1
on :: 06 ATPGR0x9
T ox o
04
ox o
= ATPGE 0x-10 02
o
(B) o 2 a 6 8 10 120AT

120 SENY ATPGE

Chicrophyll content (%}

CABZIACT Level
- />
SAGIZ/ACTY Level

!

FuiFm (%)

SENGACT Level
ATPGBIACT Levet

]

J8 33 ATPGS TEH WUHEH Y-SE w20 B HEL Y (-6)(A), TEY BE (1-0)
(B), 12|11 ATPGS3} 3} O M =P ACT(C)

ul, ATPGS FHLd ol o AEF 2 Ok EA BA: 47PG8 AR IpEd W
oja|ol thdt 7lw A& Ad(drought tolerance) 41 ol & 30UH AES 16Y B JHEE
AElstal, 1 Ftel dojus AA A Ee mdYZ Wl AE MAT Ao FA HIE 4
wate] Zhge] td AdY AEE FJASAT. 2 A= 9 34A%F Boll EAEHIUT oA



g o7 A= 7hEel 93l do] st Aol F53] MAFFS & 5 dAor, =S Y9
Aol JAME 16d &Y 7He Aol oJst] 2719 20% BE7MA @A 8] #ades & F
ATk ol Wkl ATPGS wAAS] HIH WMol ATPGS ox-5, ATPGS ox-99+ ATPGS
ox-102 169 &<te] 7Hg Agox 19 =37F A3 = o, =3 Ao FA-
UM E ofyFof vt AL 28] o]F<l 4000 A 60%«] FAE FAS & 5 A 9]
23k AFA L ATPG8O) 7MHEXAE#H 2 AR A& £8 BE&E AU 71534 8 AE9
e sEd e BT APHE ATVGE AL o6l

1

i

E

_,o>

ATPGS ZIPTEH WHolA| 9] 43tz ~Ef 2o s AFgAF-E FASH] $138+ 3mM MES &< 9
50mM H,0,& F7Iste] whol & 25UF 3, 41 S detachd}o] floatingdt 3 v 3¢ 1H o=

64 B AEax FHY FFAH EES AT H0, 2EFHzO U AZH AHAEE
ZAEL T ol 71T ofE e wlste] ATPGS FEE WolA oA e A 3 A A
U:z‘s} o:li/\ —51-31: tﬂ J,hsl-/d _g._‘c__r/] 7L/\oﬂ 0101/\-] ]ﬁ%]a g]-o]-o—l- = glgiljr 5.5—] 3'61-2;5:]1%61
B89 A oHIEL 6¥ Feo H,0, 2EdH 2 Ao all 50% HAETA AP o

ATPGS F&E WolAAE A 100%= HAst Aol FFA FE&Y a7 AY
dojpA] & PSS & F UJTHZH 34Ce D). olB T AR LS ATPGSo] A &9 4H3)
2Ed 2o g A3AL AFIoE AL om]si

webA ATPGS FAAE HE 7}
A%y A2 el 9ol e A

of
9'1"
2
[
(m
&
[

F 2 2sE ~Eg 2 Ui JAS A
o

Drought DAT16

Y
1./

T Lk

Can ATPGE ox-5 ATPGE ox-9 ATPGH ox-10

Barindicatestcm

(B) D) -
120 - e —
] M=t
100 & e .
= - t —=3
£ a0 = = st el
E » ATRGE on 0
™ =0 =
B & £ A \ -
= =8 g =
= & o i
2 16 DAT E AN
I s " L e
@ g LS N P
B oo | N
0 g [ .
Col Con  ATPGBox-5 ATPGS ox-9 ATPGS ox-10 5 . e |
: g

JB 34 ATPGS BHEY WEHEHO AZ AEAo O EHYH ST Yo $H H
n—6(B), 2|1 H,0, AEH A ChE BEHYH SO L YRA DM FHY BE W 0-6(D)



R T L —

— Surwscence delay

o B DAT
B DAT

8

- L =N e b,
L ME o i o § -5

Various phenotypic characterization by the
overexpression of the gene

GFP-HzB!
ATHGT a6

/

@ -
ATHGT ox-§ "I

nigh
B iow The level of gene
Alteration of chromatin architecture by T
ATPGs that encode AT-hook proteins By level of Senescence delay

1 high B 3
W jow lewe of yield increase

The carrelation between yield increase and senescence
delay of plants by the level of ATPGS overexpression

2! 35. Model for chromatin engineering technology of Genomine. The technology shows a wide range of
yield increase and/or senescence delay in the plants by the expression level of ATPGs genes

2 EE2 EAM =HEst U= ORE7Y

>

THG7, 2|1 A7|M =28 AT-hook

proteing encodingst= FX XL 3&82| 7| M2 S510 chromatin architecture =& 7|0
st ME222 RS MAISIYCH R 35). Mw=0tel(F)2 chromatin architecture =& 7|&=2
AlZo| L3t ZIF S0 chromatin| SFE M E HSsto] AlZ9 MMM BOf L= =7 AF9|
EHYA EFE LIEIHC SOI22 M2 o|2s B8y S22 M8 REAS U 2o
MECt= ZI0|Ct. M REAe| &eio| ZolH ZesE 57| ode Ego| ZstH LiEt
L, A& FEXel Uso| MY +=F2 FX[stH AZo| MMM Boo 1522 ESHHA
E3E HM3SICt ESE 2 J|=2 Y, M =2 Axe} 22 BE AE A st MENE
MSsict. metM 2 XA 2Ee MY & ZEE2 RO =7 A% tiller MM EFXIu}
22 MY B g2 E JiXl= 187t FiE AES Jlitol 2t B2 dEE M3tz &
AlSICE

4. DDF1 (DWARF and DELAYED FLOWERING 1, Atlgl2610): o3 2E# X
A&A §HAA}, [Plant Science 180: 634—641, 2011]

7. NZ1AHZHE  freezing toleranceE A|F3t= DDFI FZX Eg: & AFTEHLS
freezing tolerance®] HAsteE FF FH FHAAE N7 HAA E=37] A8t activation
tagging MOl A poolS 2T T YA T. 1 A S5TCoA FHI UAS VA= HolAE A
3RS, o]& fill-1D (freezing tolerance 1-1D)Z HHIFHTHIH 36A). £ WHo|A| Q] freezing
tolerance= 402 UEMSO™ TS f]-1DE dark-green &, A& @A} a3 =L st}
2o 2PYPYA EAS HHTHY 36B). HolAY oldd FHAFPA WolE DDFI(Atlgl2610)
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o] gA3lo] ot FAHY oW (LH 36C2 D), DDFI-S CBF/DREBI1 subfamily®] AT2 ZA}
RQIA}E encodedt= Aoz dHAHTH

Tetramerized 358 enhancers

At1g12610(DDF1)

RB LB
At1g12600
- N Al1g12620
At1g12600 At1g12610 At1g12620
DDF1

tubulin

2! 36. Phenotype and molecular analysis of fi/I-ID mutant. (A) Effects of cold stress. WT (left) and
filI-1D (right) were grown in soil for 4 weeks and incubated for 24 h in —5C chamber. Photograph was
taken on Day 4 after return to normal growing conditions. (B) Four-week-old WT (left) and ft//-1D (right)
under standard growth. (C) Putative genes around T-DNA insertion site in genome of f#//-1D. T-DNA was
inserted between DDFI and Atlgl2620. (D) Expression analysis of DDFI, Atlgl2600, and Atlgl2620, three
genes located within about 10 kb from the 35S enhancer in f#//-1D by RT-PCR.

U-. Freezing stressOll ¥ DDFI FAAQ] 755 B4 2 Eo] 6T U&HUS w oF
AL Ao AE3A Hale wbdo] WHolAls oF 73%2 HESS VA= ASE YEgTH
2 37A). o] 3 AMAS f11-1D Mol A7} ok F ol M|t freezing tolerance’} B 73 Ao
2 ou|git}t. SuERE& A2 A2 3L ok H HolA TFoA freezing toleranceS
Agedths ol A2 3 AAES A & HolA|9 HEEL 100%7HA LeprbH, =g of
AEE 60% FE=7HA AHEE0] ZOHTH(LE 37B). Magome 52 ddfI-D7} GA A WHolA| 9]
Ak GAS] A7} ddfl-De] A3t A, =& st a8y d 2E#H 20 U AdAT g
29y 3 &5s et Biustdt metA B ATFE2 GAVF DDFISE 53 freezing
tolerance®l = 2H-&-3t= AS <87l 918t 10°M GAsE WolAlel] A2lsted 21E9| freezing
toleranced] ¥ W5 FASIAY. I A3 GAS A= WHolAe S71E freezing tolerance2]
AAE FESATHLH 37C). o]2gk A2 DDFIY o8] =% Z71¥ freezing tolerance”}
GA°ll 93] FEHoZ AAHTGE= AFS o] FojH ATt

T}. Drought®} heat stressol| T3+ DDFI F+ZAXAS 75 £4: 2 <

7} freezing tolerance® Rt o} 2} drought &2 heato]l = toleranceE A 33}

ARSI 129 9] Ax S A oY o] WS A E = HHelS fill-1D/ddf1 WA ©]
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Ae g8 AH5ES FAL JAeH(TE 38B), 1T GAY A= P9 U Alm

S Fxlek=t vl HolAldle %A A YErYA ZFUTHAE 38D). TE A4 AFE

of oAE A FEAFZ ZALe} wTIAE WHolAlE ofAF o Hlet F& Aol AA

doj s AT 4 AAJTHE 38E). & 2Ed#H 20 U tolerance= AF ~EHAE A5}

7] 8t 90% FE5E FASte 22 StolA ATE FHSAT oL 60T 12 AIZE

o 4 ~EH IR e W FJEI|Z = o] AESHA X SR fill-1D/ddfl H
A

oladl = B F AZMeE damage’t JSATFE TELS AES= ACE YEIRTE I 9 o o
2719 4 2E# 2 StANAE fill-1D/ddfl1 o)A ok el B3l heat toleranceE 7HA &

?:i_]_-
ALZ YERTHH 39 F=x).

(A)

100 1 32l 37. Characterization of freezing-tolerant fi/1-1D/ddf1 plants.
£ a0 (A, B) Survival without (A) or with (B) cold-acclimation at low
'é' - temperatures. Four-week-old plants were exposed for 24 h to a
® 601 SHI1-1D gradient of 0 to -12°C, by 27 intervals, then returned to normal
§ 40 4 growing conditions. Cold acclimation was induced under continuous
Ezo light for 4 d at 4C. (C) Response of filI-1D to treatment with
»n 10°M GA; (GA+) under freezing stress. Survival was evaluated 1

0 o ; ) : . ? N ¥ . d 10' = week after return to standard growth (n=24). Error bars represent
Temperature (°C) standard error of mean (SEM).
(B)

100 9 B——%
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0 . . . . . .
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21 38. Response of ftl1-1D/ddfl to drought. (A-D) Each panel
shows WT (left) and f#/1-1D/ddf1 (right) plants grown without (A,
: ) or with (C, D) GA treatment. Plants had first been grown for
: weeks with watering (A, C), then maintained without watering
or additional 12 d (B, D). (E) Water-loss assay of ftll-1D/ddfI
(n=24). Error bars represent SEM.
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w40 A
9 FWT
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o
100 -
T a0 SWT
5 Sfti1-1D
w 601
S
£ #
E 20
7]
0 S
0 10 20 30 40 50 60
Time (min)
@)
100 -
§ 80
& w0
(1]
® 40
2 WT
5 20 | Sfti1-1D
0

O 30 60 90 120 150 180 210 240

N Time (min)
8l 39. Response of fill-1D/ddf1 to heat. (A—D) Each panel shows WT (left) and fi/1-1D/ddfl (right) plants
grown without (A, B) or with (C, D) GA treatment. Plants had first been grown in soil for 4 weeks with
watering (A, C), then maintained in 60C chamber for additional 7 d (B, D). (E-H) Response of WT
(upper) and f#I-1D/ddfl (lower) at seedling stage on MS media. Each plate was exposed to 45C for 0 (E),
20 (F), 40 (G), or 60 min (H), and photographed 7 d after return to normal growing conditions. (I) Survival

:\
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of WT and fi/1-1D/ddf] seedlings (n=24). Error bars represent SEM. (J) Electrolyte leakage assay of WT and
ftl1-1D/ddf1 (n=24). Error bars represent SEM.

welA] DDFIS & abiotic =7, 53| freezing, drought T12]3l heat 7ol TH3}] stress
tolerance 2A1 8] 7]%5& ©W@slal, ol &2 ofnl GA HAEES Ado] s Holzt #
laech=

120 —#
= ""“Jﬂl;' _v — T
g 2 Ty
£ g w
s £ 4
= =
8 g 4w
% > @ col0
e I 20 - athb23
W phyA-211
0 0 b—tfererre S —rrer
0 0.1 1 10 0 0.1 1 10
R fluencerate (UM m?s") FR fluence rate (UM m*5')
C D 8h 161
EOD-RI H

EOD-FR C  N—

120 Eop-FRR C—— NEF S
14
£ 108 — OECD-R
= E 12 { | mEOD-FR
g 80 E DEOD-FRR
& s
= B g
= 5
g 40 > 6
> @ cold g 4
I 2 O athb23 a
¥ ot £ 2
0 A—hrrrrer - i
0 0.1 1 10 : -

Col-0 athb23 phyB-9
B fluence rate (UM m~= s7')

2! 40. The athb23 mutant shows reduced hypocotyl growth responses to red light. (A-C) Hypocotyl growth
response of 5-day-old wild-type (Col-0) and athb23 seedlings under various intensities of R (A), FR (B), and
B light (C). The experiment was repeated four times, and representative data are shown. Data are shown as
means (n > 30) + SD. The ratio of hypocotyl length to that of dark-grown seedlings was expressed as
relative percent ratio. Asterisks indicate significant differences between wild-type (Col-0) and athbh23 seedlings

using Student” ¢ test (P < 0.001). (D) Hypocotyl growth response of the athb23 mutant to EODFR light
treatment. Light irradiation conditions are indicated in the diagram above the graph. EOD-R, EOD-FR, and
EOD-FR/R denote R, FR, and FR/R light pulse treatment, respectively. The hypocotyl length under each
condition is denoted as a value relative to that of wild-type (Col-0) plants with no EOD light treatment. This

experiment was repeated four times, and representative data are shown. Data presented are means (n > 30) +
SD.
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5. ATHB23 (Arabidopsis thaliana Homeobox Protein 23): phyB overexpressor,
[Physiol Plant, accepted, % Z=|

7} oNZ1 AN ZEE phyB overexpressor®] 7] 71X ATHB23 F3A £y 2 7%
BA: B AFEH-L affinity chromatography®} MS-based proteomic analysisE %3} phyB
complex proteine 22]31H W, o]E F phyB overexpressor=4 2] 75 S VA= FIAAE &
2|elal ©o|E ATHB23C.Z WHWSIATE ATHB23S H71-W F21EolA R light-mediated 3H4] =
A7 HEZ-ol oA positive regulatorZ2A 7]5S 7HHOW(I™E 40), T3 phyB-mediated A+
B G F2 dolo] JQoJAE positive regulatorZ 7lF S VHAl= ASZ YEIGTHIE 41,
42). o]&qt phyB overexpressor24 2] 7|5& 7FA= ATHB23 F3A= +XWA 2 FF 7
o] A go] 7hestget daEY, B AFELS Y FAASA S fste dY FF )
el lojAle] -l tigt 7l BAES FUHH SR Ad% Fis5ta e Foloh
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e
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@
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B C
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o O athb23 & O athb23
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2! 41. The athb23 mutant is defective in phyB-mediated cotyledon expansion. (A) Photographs of 5-day-old
wild-type (Col-0) and athb23 seedlings grown under FR (10 pmol m— s—), R (20 pmol m— s—), B (20 pmol
m— s—), and white (W, 80 pmol m— s—) light. (B, C) Cotyledon areas of wild-type (Col-0) and athb23
seedlings measured 5 days after germination and grown under various R (B) or FR (C) light fluence rates.
The experiment was repeated four times, and representative data are shown. Data presented are means (n >
15) +SD. Asterisks indicate significant differences between wild-type (Col-0) and athb23 mutant seedlings
using Student’ ¢ test (P < 0.05).
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1h 5d Dark - 1h 48hDark 5d Dark
prye., [ [ e [ N
FR R PRy FR FRI
120 100
Eé 100 4 E% 80 -
g :
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£ £ 401
E “] £
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2l 42. The athb23 mutant is defective in phyB-dependent seed germination. (A) Germination percentages of
wild-type (Col-0) and athb23 mutant seed under phyB-dependent seed germination conditions. The diagram
above the graph depicts the light irradiation conditions for the experiment. Germination percentage is shown at
various R light fluences (0.1 to 3.6 mmol m—) that were given immediately after 5 min of FR light exposure
(3 umol m— s—). This experiment was repeated three times, and representative data are shown. Data presented
are means (n > 100) = SD. phyB., indicates the light condition in which phyB is activated by FR followed
by R. (B) Germination percentages of wild-type (Col-0) and athb23 mutant seeds under phyA-dependent seed
germination conditions. Seeds were imbibed for 48 hours and then irradiated by various fluences of FR light
(denoted as FRi, 14.4 to 86.4 mmol m—). This experiment was repeated three times, and representative data
are shown. Data presented are means (n > 100) = SD. phyB.r and phyAo. indicates a light condition that
inactivates phyB by FR and activates phyA by FR irradiation, respectively.
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w
il
Jo

& 74 =9 Y IdAEA A

S JAHE FY A E Aol dAE YA ST (Zoysia japonica steud.)S} FAH ZH
gl =2 W E I}~ (4grostis stolonifera L., cv. Pencross)E ©|&3t3 ot 3t el &84
¢ FEAASE HalAe AL a&o] =2 A2 grYL dFFHoln. Exid 9] A A
o] o] & & Qv AE3 BEo] =2 vy Ao MAdee o 67ld ool &8
H O g sE A 7Rl AU AZ3E G&o] RolAAY G A Qﬁr ol g =AH
< A fs 2 A7 E F AERE FAE FFot AYAE Fe/Aldst AES
8ol 2 AY2E FGHEIHA HA¥ES Yt ok IEE WEIgAE %Z‘l“/loﬂ H| &}
&3t Bl w1 FAAS] &olg Holojx ESXRUAR A AUAF S AXA Fa
FTAE A2 = WA XAkl of 4FAE v F FE S| o] &5kl U 2 9
FEAHASEE FHAT7IHAA NET A, EF2EGaUAY, 57198E fEste FAAE
olaZutH g R =Y & 7] dHE FEAAS PHS o] &t Fdsta ATk dAA 4
P Ax2EY 2o WAS 7S ASIZ T2} =3 A FAAQl ORE7S =4S IAAS
A=, 2Pa 57] 9% 2 dx2Ed2a WY 5o SAe 7HE o= VUEEe 4ATHGI,

AR, NS FESHE AtGA20x4 FAA 2 Z7] AFS

ATPG7, ATPGS B A A3t A&
§E3= ATPG3, ATPG4 5

A
: |'pN(}S NPT | Tonos [ Dual p35S | A4STZ | T358 M p35S | bar | Tnos M 18

B Leold
M . m i m
B Poya 5 : B
231bp tabp
obo Hndll “Vrobe
Mot Bgh P ol Sl deni Xl Xnel

C " eer | Ao OB ] 7355 | Intron GUS s | R
4;;‘;:‘ (570bp) mszJ (rmp; (1.8kb; (538bp) (2093bp) 3,’,;;,_ 1.8

| m Smal| Hingill
K'hui Bt Sacl BamHI Heol, Bgll

IG-2 vector (~ 13.8 kb)

—m— i P
'I._ﬂlgﬁ_. ]“&'ﬁ;“ . -l'-'@l-] ‘ ion) I A S ) ' asee) | “"L’ 1 et
BeoRl | :m'!:ll.l Hinail Hindll

Sar| BamH| Sae| BamHl

1G-2::AtGAZox4 1G-2::GS0LY 1G-2::GSDL2

a8 43, 7|2t QTX}of| CHgt FHC] HAMEE HIE construct. A, pNB96::AtSIZ; B, 1G-2::0RE7; C,
1G-2::AtGA20x4, 1G-2::GSDL1(ATHGI) and 1G-2::GSDL2
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T Y FEAASAE JNLetr] fJste] B ATELE Ve FAA dFE st 7] ZR
H fFHA 2 A f8 Al dig FF A ““Ei constructE A Zsth 7] gRE fF

Zbell thdt FAASEAE = O 433 Zow, & FA 9@ Al #=3 FAAR] ATPG,
ATPG3, ATPG4, ATPG7, J18]3l ATPGS8S FA HdES fldl 1G-2 HE < Ubi Z2ZFE 2} Arbes
Eluuo]E Atolo] =fdte] FAHS] ARGt HWE A AEIIATHIAH 44). 18|
& AR ATPG6S A 1G-2 WE =43 A= Folth

(A) IG-2 vector

L 355 PPT | Arbes UbiM P355 Intron GUS
B Eoby A (570bp) p (756bp) 538b (2093bp)
‘ &mal H

coR| indl
Xhal Xhaol Bsti| Sacl BamHl Neol, Bglll

1G-2 vector (~ 13.8 kb)

nos
Poly-A
23150}

(B)
ool LR :} - _l 7 aTPGA } (aTreT *
AT56bD [y parstigep | LB l”lﬁvlj m .,_'L‘M R? sw) AL 84D) I?wa \.guu... L1 B} E?5ulnl \; 118kb
| |
Esobt Bamhl  Hindlil goopn [Sact, BamHipingl  geom Hangill - goany T Ecafl Handin

sacl Smal Sacl sach acl Bambil sal ma sacl Bamil

1G-2::ATPG2 1G-2::ATPG3 1G-2::ATPG4 1G-2:: ATPGT 1G-2::ATPGS

a3 4. M 8 FHX0| cigh TC] FEHMEE WE construct. (A) IG-2 YlE{ construct, (B)) IG-2 4|
E{9| Ubi ZERDE{Q} Arbes E{O|4|O|E{ AlOjof EQUE MJPF S8 QHMX}, ATPG2, ATPG3, ATPG4,
ATPG7 18|11 ATPGS80|| CHSF WIE{ construct. RB, right border; LB, left border; BAR, DL-phosphinothricin
resistant gene; 35S, CaMV 35S promoter; T35S, terminator; Ubi M, ubiquitin promoter; Arbcs, terminator.

2. $%F Y FAASA AL A3 FAAS P
_?_

APYAT T& Tt e SAH e A9y WEIG ] FAPE s Edz FAA
g AmE AEEHe 2BY2o FE/AE, Agrobacterium AN B FAASA o AT

o =
52 AFAAA Sk 2% NEI Y FAABS FYAG. 1Y 45t B ATE
Soho] AP 2B WETse AT FHE ek

Seed sterilization

MS salts and vitamins, 3 % sucrose, 2 mg/L 2,4-D,
0.3 % gelrite, pH 5.8

[ MS salts and vitamins, 3 % sucrose, 2 mg/L 2,4-D, 0.5
mg/L kinetin, 0.3 % gelrite, pH 5.8
E 3 I
- - - 1/2MS salts and vitamins, 2 % sucrose, 1 % glucose,
[ Agrobacterium inoculation ] 100 uM acetosyringone, pH 5.2

! — ] MS salts and vitamins, 2 % sucrose, 1 % glucose, 2
Co—cultivation mg/L 2.4-D, 100 uM acetosyringone, pH 5.2
3~4d
T MS salts and vitamins, 3 % sucrose, 2 mg/L 24-D, 250
[ Agrobaclerium elimination mg/L cefotaxime, 5 mg/L PPT, 0.3 % gelrite, pH 5.8

MS salts and vitamins, 3 % maltose, 1mg/l BA, 250
mg/L cefotaxime, 5 mg/L PPT, 0.3 % gelrite, pH 5.8

1/2MS salts and vitamins, 3 % sucrose, 250 mg/L
cefotaxime, 5-10 mg/L PPT, 0.3 % gelrite, pH 5.8




3. %% Y FAASEA AT

7h. ASIZ B ORE7-3ZHE o] A & f3x2 =9 &<l
2l WAEE 7HAE ASIZ-EEAE At ST SEFAA A
oj-gst] AitstA™. ASlZ FAAE EXY Az =ste] FAAL 2
—,*(:1‘3‘ 46A), Trait LL Test Strip(A VA Z ALEH bar AL ©Hild e 7
= Ko 2 FHHF AES HAL3t (T H 46B), genomic-PCR & 3t ASIZ
< FAASATHIE 46C). =3AAS =3t ORE7 #AAE Al WS o] &35t A
23 WEIG2A FAHSAE ABASAHIE 47). 12 A% 3mg/L phosphinothricin
(PPT) ©] #H7}H shoot % HlA| ol callusE A|743le] AAEE FE3 & 25T, F Z19A
8-105 &<t 235 HAC R Ald] wjeFste] FASAI(TH 47A-0), 9471A AdE AFHE S
mg/Le| PPT7} H7bd g7|ek FLd7 vixo X/dsto] 234 AT AqATh(1™ 47D). Add A%
F-= Img/L PPT7F H7bd B f=ujAo 24t &3 &S FEstAT(LE 47E). A
g AEAE A EY A5 E A% & B o]t oA A, SA3FATH T
47F). ORE7 73 A2] =92 Southern blot ¥ genomic-PCRS F3}a] QI ATH L™ 48).
A3, 327 =949 AXY =Y F1A] copyFTF GHE A2 5HE FHAS AE
QEQ%%% glstAT 1 copyd] FAAVE =€ M A EAE ORE7-ox1, 2 copy
FAA7E =08 FAAS AEAES 472 ORE7-0x2, ORE7-0x3 ©|2F WH3slH L o] F 9
B4l ARSI ORE7 4?‘]'*‘ Eé ﬂi E4AI7I LA} "]"—)“f?l =¥ JleRey
Agrobacterium 7+

kel Mol
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% 47. ORE7 QEXI7F EUE HEXE HIEQR}AO| Mt

—

WwT ORE7- ORE7- ORE7-
oxl oxl ox3 WT ORE7 ORE7 ORE7 IG2

23kb M P ox]l  ox2  ox3

9Kb —> | — ' - ORE?

—— 0.9kb

4.3kb—

2.3kb—>

2kb —>

virC
0.73kb

I 48. ORE7 SEXZL EUE WUHY WEaAo QHA £ Fol

. AtGA20x4- 2 ATHGI-FEZHE Y9 AL ¢ F3AA” =9 &2l 448 =244
TR AtGA20x4 TRAAE ST st FHAASAE AW/FA8 AT ArGA20x4 1+
AxE =Y =3 = shoot 2 2 AW AAHES AXHOTE 49A) AESE MNAEES PPT 5
mg/Le BEHE x| o] &A Adsla ALY 49B). 1A 5 ATFNA 4:GA20x4 FAAE
st o8 Al FHHAE TR AEAS dJoy BE NAAA FAA =US 8
& 4 Qg FAAZA Y A 3 F shoot A= L A DA A F 0.5ecm ©)AF A3
shoot BF& A3t =l, AiGA20x4 FAA7E =UH FHHAZA = shootd] d74o] A= o]
At GAA ALE Ao] I o] FE FAHEG o] AAE MIEOE 233EE AFdAE A
T 27] GAIRE GAE 0.5-Imgll & F&5E FU7IE A wiAE A&t FE I SHA) 9
s Fsta oy ofF JAMEAE dA= RSATE o] FHA HA ORE7H o] ¥
] w9 o8 Ao= AdH.

-

o]

A

-




=7] Be FEShE ATHGI wA= =258 WEIZ2e S3¢Ho] Este] 44

A2 Awstdrh g 50-51). 2P WEIG A E shoot = D AAAAHL AHLY
50A) 270 A 2] ATHGI-EE & 2 &S FH3FI(TH 50B-C), aﬂ_ 3K 18 50D)3te] E

=

AL BAsla ok ERHoAE F 547AY ATHGI-E A AS A&ES SHIATHHE
51). 19 s1olA = FEAS 25 AR (1Y 51A)9 Adut7 vxﬁ}ﬁ bar AR =<

d

< Q1% Trait LL Test Strip 2318 51B) ¥ 548 FHAR] ATHGI FAAS] =9 &
2138 genomic-PCR ZIH(1H 510)2 €HE AASIAT
a3 50. ATHGI QWXL =YE FEFeE J2|d HEDAS MY 9 HX}; =¢ ol A, FHH
gNjo] M B, YEMEMQ FA; C, SHX} =¢f EQl(bar gene); D, WEHS AFo| EHMEME 9
st sS4
28 Transgenic plant lines
MWLl 2 3 4 5 7 B 92 10 M 11 1213 14 15 16
3 51. ATHGI SEX7F S E HEFe STClol My 9! fHX = =0l A, STHC| HEHESH|
o] Meh; B, RHXI =Y EQl(bar gene); C, FHX £ ¢ =H0l(genomic-PCR, ATHGI {FHX})
ok ATPG7- 2 ATHGS-3EAZAE FY9 A =7]& dZT & A= E3H MEs
Z2Hog A& Z7] A& J5ES ZtE ATPG7 9 ATPGS FRAAE Xt =9ste g2
A AES AZXSHY. ATPG7 L ATPGS FRAAE EXYo| Tty v FAHd &1
AL AL AL(TLH 52, 1" 54), BAZA ATPG7 AV =9E FAAE 3 134A
55

SN E 53) ATPGS F+3A7F E9d FHAS X0 18MAE FRSIATH

o
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A WIPC1 2 3 4 § 678 9 10 11 1213 B Transgenic plant lines

MWT 1 2 3 4 5 6 7 & 910 M 11 12 13

Control
PAT

a8 53, ATPG7 QTX7F £ E HEME EFC|e] §MX} EQ =91, A, Trait LL Test Strip analysis;
B, genomic-PCR analysis for ATPG7 gene; WT, Wild type; PC, positive control; 1-13, transgenic plants

a7 5. ATPGS SERIE EUY FUHE SFCIQ My

A WIl 23 4567 8 9101112 131415161718 B

T

‘ Transgenic plant lines
,,’. VS T R o e | 4_ B R U N —— _-:dh_c-ﬂ-ﬂ—

| MWIl12 34 5 6 7 8 910 M 11 12 1314 15 1617 18

Control ,_,1

PAT

3 55. ATPGS {QTX}7F = E HEFMS EFC|o] QMR T=Q =9Ql. A, Trait LL Test Strip analysis;
B, genomic-PCR analysis for ATPGS gene; WT, Wild type; 1-13, transgenic plants

2. ATPG3- 2 ATPG4-3AAZ 0] /WE: ORE7, ATPG7 L ATPG8™ &
AT-hook family FA A} EQ1 ATPG33} ATPG4 F3AAE E3H o] =ty FAAE 25 A
WA 28 Th ATPG3 B ATPG4 FHAE E3tH o] =5t JAA FRAE AL F
of Jom(1Y 56A, 1Y 57A), FATA ATPG3 FAA7 =dd FFAS A& 374AH(2
g 56B) ATPG4 F+3A7F =UE FAZS A E 20A S FHRIATHTE 57B). 1 9 A #
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FE R ANA AAd/FA F2 o F2AAS TRAS X3 |2 ATHGI-, ATPG7- ¥
ATPGS-E A A& zrjel o] o3 /A FAAS &S 98 F IS AoZ oista 9l
t}.

a3 56. ATPG3 {UXE TSt FE-PE STCle MW H
Strip analysis)

A3 57. ATPG4 |TXE EYst AP STC|el HEA)

Strip analysis)

7}. ORE7 §RAA7E =49 %‘@Xﬂﬂ_— /-‘-]%9] ‘%1_ £4: Southern blot % genomic—PCR

W9 A A4S BHEAS AAHNT. BEAA4 BARE RIPCRE Fho]

45t on, dAFL qRT-PCRe Tt 43ttt =0d Fdxe] dde &<lsr]
3l total RNAE E2|3 & 13 cDNAE FAH3AIL ©] cDNAE U S E ORE7 primers ©]

&3te] PCRE 3T A, FAAE AtjelA ORE7 FAA7E AFH o2 Hdsa 5ol
ALY 58A). TIFS Hlw

£33 qRT-PCR Z3}, ORE7-ox1 AlZ°] ORE7-0x2,
ORE7-0x3 AlEol wls] @3 o] 953 £ Aoz Yebgth(1d 58B). A vl7 FHA2
2 Trait LL Test Strip 2 RT-PCRS F33te] EA3t T ofA Y e} A3 M=
S Trait LL Test Strip= °]-83le] EA43 A3, FAHAZ AESNA 42 F 719 band7} A
253 oY HoolAEs g N bandW HEHJATHIE 59A). ©] AoA AduiA=R
AL par FAAVE SElE FFo A AFFHOoR wEstA oS & F IdY =S bar
primerE ©] &3t RT-PCR 48 33 AHNME bar FHAVF AFH oz FHS S
o] FAHJTHLH 59B).
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13 58. ORE7-HEFE HIEBIAN MO 28 QMXNORE7 @MXhHO| Ud 20l A, RT-PCR analysis;
B, gqRT-PCR analysis; WT, Wild type; ORE7-ox1, ORE7-0x2 and ORE7-0x3, transgenic plants; 1G2, vector
control plant
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3 59. ORE7-HEXE HIEIRIANAMC MWDl SHEXHbar SHXHC| Us SQI. A, Trait LL Test
Strip analysis; B, RT-PCR analysis; WT, Wild type; ORE7-ox1, ORE7-0x2 and ORE7-0x3, transgenic plants;
IG2, vector control plant
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13 60. ORE7-@E X2 ZiC|Q} OfME ZiC|o] 2AMoAMe] ESHHE =M. WT, Wild type; ORE7-oxl,
ORE?7-0x2, transgenic plants
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2 61. ORE7-HEMEH XiC|Qt OfMEA ZiC|o| 24AlojAMel EHE 2M. WT, Wild type; ORE7-oxl,
ORE7-0x2 and ORE7-0x3, transgenic plants; IG2, vector control plant
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33 62. ORE7 |7} =UE HRTE WEISNAL} OPYY THC|o| 2H0|Me| L3pX|H ™. WT,
Wild type; ORE7-ox1, ORE7-0x2, transgenic plants
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33 65. ORE7 X7t EYUE AWM HEI4AS EHEM. A2 o HS 0300 mM 5E9
NaCloj X2| = 1 s s

® ORE7-3ZAHF e ZAqAe 12 AP 24: ORE7-FAAZ zr]e] x|
YL EAsty] At AFA 2L MAZA Qe T A IO E o]t F4
NAY. RO Z o2 1d F(2011. 05-06), ORE7-B A8 ATjo] AFA L HAXA EA
Ao Z2] oo Bty out T x4 mToA ORE7-FAAS e o3 g2 w3
gL UERUT old] ZtE Z3F o oS nlmw R399t ORE7-FZAAS r)e} opd
e ASEAS BEI A3, oE FdE FASEE wEXT 1Erl e bk,
ORE7-BAA% IAte FAEEE AT Bt 52 ASEAS BATHE 66). TF=2
Z Tiller & ZAM 23, ORE7-3AAS = o8 d ol wliste] Tiller 7 %50l

=i o

SRAFEAJATHIE 67). 53] ORE7-ox1 AlFL Tiller 71 7H Bl gFo] mj$ F& EAHL
7FA QAo (ZE 68) Noded F7F w9 A2 S YEMNJATH(IE 69). Internode]
4ol Stolon®] 4ol]E Hlw BA3 A, ORE7T-FEME o= okAEE Fdo Hlsto
Internode Zo]7} &2 EAAS B OH(1H 70) Stolond] o] HA| oA H|s] F =
P EALS 7HA AJTHTE 71).
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% 67. ORE7 {HMX7F EQUE HAM3 HIEODZIAC EHYE EXM(Tiller number). WT, Wild type;
ORE7-0x1, ORE7-0x2, transgenic plants
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% 68. ORE7 QTXI7} EEl ARFE HIEORIAO| EHE EXM(Leaf width, WT, Wild type;
ORE7-0x1, ORE7-0x2 and ORE7-0x3, transgenic plants; 1G2, vector control plant
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3 69. ORE7 M7} EQAEl HEFMS HIEQIIAS| EHE EM(Number of node). WT, Wild type;
ORE7-0x1, ORE7-0x2 and ORE7-0x3, transgenic plants; 1G2, vector control plant
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a3 70. ORE7 QFX7F = E HAEFMS HIEOZIAS| FHHE EAM(Internode length). WT, Wild type;
ORE7-0x1, ORE7-0x2 and ORE7-0x3, transgenic plants; 1G2, vector control plant

35 WT ORE7oxl ORE7-0xl ORE7ox3  IG2

30

25

20

15

Stolen length (cm)

10

WT  ORE7-ox10RE7-ox20RE7-ox3 1G2

% 71. ORE7 QEXI7} EUE XX HIEDRIAS HEHE EXM(Stolon length). WT, Wild type;
ORE7-0x1, ORE7-0x2 and ORE7-0x3, transgenic plants; 1G2, vector control plant
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H(Z18 74B), Tiller Ao AAA = Stolon®] F24 &E7F WE ORE7-0x2 AlF2 Tiller A4
o] ORE7-ox1 AlE2 ARG 733 Aoz Yelgth1d 73C). ©|& 3 7%%% o4 & 1xhd
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B7gFtel] meE AP W3

S5 #FSIAT 1 Ay, FAAS A E 19, 33 2 s gl A
P E I 1G22 THEVE =UE AEE Bla] 49 =3t vl gyA I o] AFHJH
(198 87). ol& ZAHoNA ATPG8-B A% Extti= ATHG7-B A Sx0 e} vl=stA] =3}
AQdnrhs Azsedzd B WAl B 24 FAHAASS ¢ F AUt B AT ¢
719] FAAS B F =AU A 4TPGSY] 3 FHQ =3 AA g Az 2Eg s o
3t in vitrool A 120% ©149 S A= T1 FAAS 2SS ¢%F P HAEA=Z AEs
Rom, Bty @e F FAHABAE FuE7] skl AxT 18709 FEAS A E HES
2 A Eslate] F4 Foll Ath(H 88). ZHte] FAAE A RIS T83] FAAK
T ATPGS-FAAZ Exr)e w3Ad 2 Ax2E2: YA 5& T} EAHES 48

U4z Aol

712 86. ATPGS-EXEIMSH SXiC|o| O EABIAM BESE &
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13 88 ATPGS-HHME ETCI| SYENE 9B 28 L 34

5. DEG (Differentially Expressed Gene) screening= 53+ =3} §0|& n}A9 At

Yol 3lEo] npA el AwS 13 DEG (Differentially Expressed gene) 71'H-S ©o]&3l A/
A =37 A3 H def So] BH {FHAE FASATHLH 89). Total RNAE A4 A3 =
37 v A= 3 EZ Aol A Trizol(Invitrogene)= AH&3te] FE8tth. A 43 =347}
HegE 2o total RNAZFE 12 cDNAE  GeneFishing  kit(Seegene)oll Al Al F3t&=
ACP(annealing control primer)E AF-&3}4] Reverse Transcription System(Promega)< 53l &334
ok 242+l sampleol Al FAdE 12k cDNA+ 5°]3 DEG A S 93l GeneFishing kitoll A A&
Sk 2059 arbitrary ACT primer® PCRE G335t So] d {fxAE AEsdth 4347
12070 9] arbitrary primer setZFE A’ 2 (Green stage)ollA] T&Ho] &L 40712 DEGE &3}
%S (Table 2), =878 <(half yellowing stage)ollA 3ol =2 47719 DEGE EE3ATh
(Table 3). ZF DEG FAAES] A7IALEE Z2AT & databases ©]83t ZF cloneES 43
A3 A4 Aol = unknown protein® 4 clones, hypothetical protein® 9 clones, No
Significant similarity”} 15 clones®] W$tth 53] A2l Ao A= ribulose-1,5-bisphosphate
carboxylase/oxygenase small subunit, putative ribosomal protein S3, Fructose-1,6-bisphosphatase,
cytochrome f, PSI reaction center subunit II, PL3K2 Jacalin-like lectin domain, ubiquitin-conjugating
enzyme, retrotransposon protein, photosystem I P700 apoprotein A2, ATP synthase CFO C subunit}
FAHd ol A= cloneEo]l A HTable 2). =371 FsYHE <Uo| A= unknown protein®] 2
clones, hypothetical protein®] 2 clones, No Significant similarity”} 28 clones®] gk
ubiquitination= controldF= regulator gene?l RING-H2 finger protein ATL2K$} legumain, esterase
precursor SGNH-family of hydrolases, plasma membrane H-+-transporting ATPase-like protein,
S-adenosylmethionine-dependent methyltransferases, expansin EXPAS, cytochrome f, glycine-rich
protein, RNA binding / hydrolase, acting on ester bonds / protein binding / transcription elongation
regulator, temperature-induced lipocalin, SKPI-like protein, senescence-associated protein,
RNA-dependent RNA polymerase ¢} A3 o] &= clones°] 2] A TH(Table 3).
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a2l 89.
o

ACP1 ACP2

ACP3

ACP4

ACP5
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ZG z5 ZG ZS ZG ZS ZG ZS ZG 5 ZG rasy

ACP50

ACP51

ACP52

ACP53

ACP54

ZG Z5

ZS5

ZG

ZS ZG

ZS

A Qap rSFISH Qo] cDNAZKE HO{H DEG screening?| Z
@l (Green stage)dt L}l Q (half-yellow stage). B. ™HAXNQ up L3171
DEG. ZG : Zoysiagrass Green Leaf, ZS : Zoysiagrass Senescence Leaf

ZG ZS

Table 2. 4 Ql A0flM AFO{El DEG clone?| H7|ME ZAZut
Clone Size {(bp) Organism and cDNA homology (accession number) Score Evalue Tdentity
187G1(24-1) 133 No significant similarty
21IG1(28-3) 472 hypothetical protein [Zes mays] (NP_001140763.1) Ti4 Ze-11 T3%
242G1(31-1) 289 ribulose-15-bisphosphate carbowylase/onygenase small subunit [Sodsnum fubsrosum (ABY21255) 354 24 83%
237G1(75-2) 122 Mo significant similarity
317G3(94-1) 75 hypothetical protein [Sorghum bicolod (XP_002456615) 447 0.004 100%
37ZG3(114-1) 83 putative ribosomal protein 53 [Vigna unguicuiatd (CADD2550) 553 2e-06 100%
457G2(140-5) 131 Fructose-16-bisphosphatase, cytosolic, putative [Ridiaus communid (XP_002532434) 389 022 100%
487G1(149-7) 122 Mo significant similarity
427G1{149-3) 156  No significant similarity
487G1f152-3) 248 gytochrome f [dnomochios marantoided (YP_O03587680) 184 3e-38 100%
487G2(153-2) 81 Nosignificant similanty
457G3(154-2) 7 Mo significant similanty
437G2(131-2) 211 hypothetical protein Os]_32249 [Onzs sative Indica Group] (EAZO9950) 551 3e-06 74%
43752(134-1) 160 No significant similarity
447G1{135-1) 232 Nosignificant similarity
53ZG1(167-1) 250 unknown [Zes mays] (ACR3B454) 139 2e-31 38%
B0ZG1(180-1) 87 hypothetical protein [Sorghum bicolod (XP_DO2488102) 593 2607 0%
667G1(190-1) 118  No significant similarity
S77G1(192-3) 263 Mo significant similasity
F1ZG1(201-2) 262 PEIreaction center subunit T [Citrus sinensis] (BAFE0475) 102 2e-20 S0%
T6ZG1(209-1) 83 Mo significant similarty
FBIG1R12-2) 163  unknow protein [Ones sative Japonica Groupl (AAV44205) 386 Ze-16 28%
BAIGZ2(227-5) 83 hypaothetical protein SORBIDRAFT_03g03%445 [Sorghum bicodar] (XP_002456615) 531 le-0% 100%
B7ZG1{242-1) 311 PL3KZ2, Jacalin-like lectin domain, hypothetical protein [Zes mays] (NP_001106057) 347 40 73%
B7IGZ2(243-1) 176  unknow protein [(Grza sativa Japonica Group] (AAV44205) 108 2e-22 58%
BBZG1{245-4) 436 ubiquitin-conjugating enzyme [ Tritkum sestivur (AAUBZ109) 152 1e-38 100%
B9ZG1{246-1) 310 retrotransposon protein [Onzs sativs Indica Group] (ABR26094) 112 2e-23 100%
937G1{258-1) 218 hypothetical protein ZeamMp158 [Feg ma)s] (YP_588403) 593 2e-07 100%
S3ZG2(260-3) 85 Nosignificant similarity
97ZG1{Z67-3) 211 unknown [Fea mays] (ACR35385) 543 30 100%
100ZG2{274-1) 90 Nosignificant similarity
1017G2(278-1) 146 Mo significant similarity
103ZG1(282-3) 301 photosystem1P700 apoprotein A2 [Agrosts stolonifers] (YP_B74735) 200 Ge-50 57%
1D6ZG1[204-3) 130 hypothetical protein [Sosghum bicolod (XP_D02489117) 763 Be-14 943
110ZG1(303-1) 176  ATPsynthase CFD C subunit [Arabidopsis thalians] (MP_051046) 106 Be-22 100%
110ZG2(304-1) 177 TP synthase CFO € subunit [Arabidopsis thalians] (MP_051046) 106 8e-22 100%
110ZG4{306-1) 176  ATPsynthase CFO C subunit [Arsbidopsis thalians] (NP_D51046) 106 8e-22 100%
1187G1(330-2) 205  No significant similadty
1202G13E38-2) 228 hypothetical protein SORBIDRAFT_02855002020 [Sorghum bicolod (XP_0024859041) 132 2e-Z9 91%
120ZG2(340-4) 68 hypothetical protein SORBIDRAFT 03515002020 [Sorghum bicalod (XP_002489033) 53.1 le-0% 100%
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Table 3. =3}7} XIS =l QoA HO{Xl DEG clonel| H7|AY EMZAN}

Clone Size (bp) Organism and cDNA homology (accession number) Score  Fvalue Identity
1751(1-1) 235 Mo significant similarity

3Z51{4-1) 369  No significant similarity

3Z53(41-1) 327 RING-H2finger protein ATL2K [Zes mays] (NP_001143308) 54.3 Se-D& 3%
SZ51(7-2) 223 legumain [Hordeum vulgare subsp, vulgare] (CAQDODS9) 712 4e-11 73%
GZ51(9-3) 329 esterase precursor,SGNH-family of hydrolases [Zea mays] (NP_D01151338) 404 0076 B0%
6251-4 400  plasma membrane H+-transporting ATPase-like protein [Zes mays] (AAM14442) 404 0075 100%
6252-2 236 No significant similarity

19751(25-1) 100 Mo significant similarity

20251(27-1) 271 Mo significant similarity

21751(29-2) 270 No significant similarity

23751(30-2) 62 Mo significant similarity

TES1(34-1) 409  hypothetical protein, lon transport protein [Sorghum bicolod (XP_D02447205) 121 3e-26 B4%
11752(53-1) 272 Mo significant similarity

10Z252(60-1) 369 MPBQ methyl fi , S-ad Amethionine-d lent byt fi [ Friticum (CAX36917) 508  6e-05 91%
15Z51(63-1) 99 hypothetical protein [ Vitis vinifera] (CAM72686) 582 3e-07  100%
21751(74-1) 231 Mo significant similarity

A5752(79-1) 350  No significant similarity

25Z53(80-2) 157 Mo significant similarity

32751(93-1) 425  expansin EXPAS [ Triticum aestivurm] (AAS4B8T4) 258 le-67 3%
38Z51(117-2) 334 No significant similarity

41753(123-1) 24 No significant similarity

41755(125-1) 129  No significant similarity

49Z51(155-3) 252 cytochrome f [Anomodhioa marantoides] (YP_003587680) 167 Se-40 100%
49753(156-1) 119 cytochrome f [ Onpza sativs Japonica Group] (AAS46130) 797 le-13 100%
45Z53(157-5) 75 Mo significant similarity

50Z51(159-1) 293 Mo significant similarity

51752(162-1) 172 glycine-rich protein [Daucus carots) (AABD1097) 35 31 43%
52Z51(164-3) 147  No significant similarity

S4751{170-1) 293 Mo significant similarity

S4Z52(171-4) 152 Mo significant similarity

55752(165-1) 294 No significant similarity

56Z51(176-2) 72 Mo significant similarity

RMA binding / hydrolase, acting on ester boands / protein binding / transcription elongation regulator LArabic

BOZSIIBL-T) 258 Lo afﬁn-ﬂg(NFfﬁ'ﬁSlﬁJ g P 9 o 9 g Arabidhp o1 opps 5%
61751(182-1) 448  temperature-induced lipocalin [Saccharum officinarun (ABB02321) 124 5e-27 93%
68751{197-1) 71 Mo significant similarity

97ZS1(269-4) 229 unknown [Zea mays] (ACR3I5385) 543 30 100%
98Z51(271-1) 365 SKP1-like protein 1A [Zea mays] (ACG31014) &0.5 Ge-14 7%
100Z52(276-2) 156 Mo significant similarity

103Z53(287-2) 157 senescence-assodated protein [Picea abies] (ACAD4850.1) 886  2e-16 83%
108Z53(301-1) 60 Mo significant similarity

109251(302-1) 276  hypothetical protein ARALYDRAFT 404434 [Arabidopsis lyrata subsp. lyrata] (XP_002863475) 366 L1 30%
111752(309-1) 153 Mo significant similarity

111754(311-2) 188 Mo significant similarity

116Z52(324-4) 105 Mo significant similarity

117Z51(328-2) 236 Mo significant similarity

118252(332-2) 853 A-di dent RNA poly [ Trich: lisvirus 2] (AAF29445) 381 13 38%
120751(341-1) 237  unknown [Zea mays] (ACN33508.1) 582  3e-07  76%
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AgHes  ABHs] Hel oprlwitel ABR 48 w3 Ad 7% DAY 30 )5S A
oflcals HeHow Frle, 1e® APE  mE ZINPEE EZJSE REA ojsislolol
oblcAle EIE FAETE s Bad @k AW P @ E= () FUHcs
FOWEISY F15e HAT Zolth oY, 254 HAHOE FAF EuWESE sht oldel J¥w

ofmlial]l dehdo]l tE &gl oimial, dE oflizate EIUAME o] e k=3 Ad
=9 SP4dl, B Ho ¢ &4 ol dE e 2 A sd 71ss e EE
=9 2d, A Ee oaFieR AdHHIE ZYUHE =S EFsthe oA, IHd= B4
a3 AgE ol E)e e EEREES dxehe #HA Be ul, A7l EEREEs
4 drg= 2y HAgErt HAE Vs AEE 29 oprxAt MEFR AE AdEAol

<

=

o SHE  weFE  wPEsth Yy Eg9Es: A4
A

@3 BHFE Aotk mRbHAE, &

ofpligt oA, ZFFEAI] TOE SO & FE89 skl SdoiA 60% ol ME FEAHE
ofuliest, ot ofxautE4to R X FE et 2% AYE Zlo| ulEzs wkhd, Md AEAY el
AgE ok E)E e FHHHER SA4S AolAE FA3] 100%] A8 FEHE Ads Aol
srgts By HHgErt 7K E Vse AAdE] vEzEith B o FAHCRE 9 Ad FeHe
Bad Zoln, =3k Fo ' spdH oAk o) 60%, 61%, 62%, 63%, 64%,65%, 66%, 61%, 68%, 69%,

of27|do] ThE <Jo=E FHE  opw|xzh 70%, 1%, 72%, 13%, 4%, 75%, 16%, 11%, 78%, 79%,
grleog xsErete 123 X|ghE ofik(E 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
e FYHEHE x3 @4 dhHgs By 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
EUPEETE TR s E dAdE] BiE Aotk 9%]EMNE  Fobd4E wighsith. aga 2
=3 ZYHgEY N2 ol A ol 37l () 2 (b)e ZTMEES HddAHow
A%k ok E) S Eete FFEHERE B9 AR ZEEHE"E "AERE 29 ofrxal A4

£
)
=

JI
o

ZoMEEs ARE ABe Ahs B4 Aot AAE TRIE ZowEse Mddom fA@
oA, 1 AE® wel s o] A@E  EeMEs w9 okl AEWE 29 ofplmat
oblcAe EPIWAE, NEWRE 29 ot Ade] HAHY PR xS EeEso]
Aee ZPshe FOAEIL s A8 ws HdHoR FAY FeNEDE TPHDE Aed
AQ A% B A B 1SS o Basis  we RE ARe "AgUE 29 obulnit Y AAE

l

P

EFMEEE AT £ Yok =¥ FUASE it EFse BgAEsd HazoE AR
ool ANBE opvwie mPF= FelWESst  FAEsrel dEld BE ohe AEWE 29
A3 9 715e AAENE HAT oflcat  Adel  AdAe  REe xS
B OBAA A5 19 9149 2 A9EE 29 EelmEse]  AdHoE A% EHAES
oflcat Ae AdSn 3 EE ALWE 29 Ul Hgueldr

—1>
%0
v
kn}
4
T

bl Ade TP FAWESI HBY w3 B ¥@e e ZHel oM, A& H
A 7% % A Y Jl5e AYe BIF FUWHSE PuHsE wod Felwddorco)
ANelE AN ] wRel, B el v @) oiE Aol oI rdEY vl EelgE=rd
2 e EUHcSs  Addez AR 4Be w8 A A% % A4y 30 s
FelMEEE BUAlA Solsl AN bse AURA AGHE 20 JAE ot 4D AAE
Aol wHS JHBE ] @ E= O EFSE BUWES, ADUE 20 A ohvlwl
FeMEISs MAAOR AR BYRWESE St AQY HAHY RS EPS: Fo9es, 29
ool ABH oflmate EPAUAE ds  EIAPSEY  PAHen S ZelWHsE
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oRiE A=Al
o] oRY A&A nHlste

HEA), 4F FA, A7 AE, 4E 24 52
Igshe oulolty. AE AEY AE 2Zo9
ARG AgE A9l FAHER AE Axy
AE 228 Y53 EP0116718, frH553] EP0270822,
A ES WO 84/02913, FA[Gould et al. 1991, Plant
Physiol 95,426-434] S°l 7MAE WHE AMESk]
et AEAZ HSAZAZL T

EZE 2 WA, A gl gt o] QI

=)
Za, dd W, 9, 2, S F AL 2, A4,
T, AAE A, ABA, AY, FHEE,
B23g, 5 (young radish), ¥ 7t 5), IF TV,
EntE, uf Qof, o, e, 2HE v vt 3,
Az, =W, =3h A, AR, AREE S,
FF, A, ARG, ey, disu, Bl
oo, == 4=, A4 AT AT vdy Sl
zokd Zlojal, Tl gelaskx,  HEFEH,
Cagks, dupdy), S| AT, HEudatol 1eks,
), 2 EE s, Azl hdleld, =3, We
€4 50l 242 Aotk
TS B HAACA "AHEHE 19 G748 Ak
AEE o]Fofzl  fFrAp AR AEHE 29
opul - AkS  ¢tEEEHAE ZES ZE4(codon
degeneracy) 2.2 ldte] AEHE 19 FHAS} ¢E
LS Zte Ak MEWE 19 d7IAMER
o]FojF AL FEA (homologue) A A &2 =3}
Ad Tlee AYHEA A= FRA wWE 5
RO AAolE Qlst MEMS 19 drAER &
7GR o]Folxl  RE  fHAE sk

oujeltt.  7]A MEWME 197D fAR

AMLE o] FAAE MEWE 19 drIMEH
A AEAHel  w&EFE ARAS, M

v sAlE 993 100%Y A9 AEAS AY
=
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TARCEE 9 AD A5H0l60%, 61%, 62%, 63%,
64%, 65%, 66%, 67%, 68%, 69%, 0%, 1%, 12%, 13%,
T4%, T5%, T6%, T1%, 8%, 79%, 80%, 81%, 82%, 83%,
84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 9% H 99%2] EAUE
FoHATE uEA st

T B gAAolA, "apdEo|gk oy 2 EA oA
oo waEg omgt
" e A7) AERE 19 fRA AdiE
19] 71D FAE AMER o] Folxl Ak
cDNA)E AFste ZAHgHoz AAAY 1 F127}
dsslete dHAS HFst PHA R AFE
Aok w3 O fRAe] Bl wet Jebd Y-S
SHAE gl 4 Stk

ol# g

2 dHel w3k Ad" HEAle Az Wl
JoIM, 471 @Al (e FAaESH wHeR 3d
T AT

FRETFA] WE2 () 7] ALHE 19 74
e AHUE 19 d7IAES fARE MEE gte
FAAE S I e 2H ML
e JhestAl dZ2HESR TEdEdA A=
A, 2 oG) 2 TEAEHE e FAASs=
SAE Egste] A,

2 HAAA, "aHE ThssAlM o' frAke] HAL

/s MYl FFe WUEE AZHTE Yv|o|th
qA] ojHg =ZEREZL A4 dF" oW
e Al S Fod 1 ZERES O
TR A5 7hsstAl Ad" Aol
T B wAAA, "2d Adroldt A9 EA7E
TR AdE AR AR g/EE Moo
nd 4 e Be A9s sk 9rlolH, o3t
=4 Adoles  ZEHE A4, A4
A1 (polyadenylation signal), HA| NAIH-S EF T}

S B omgaAeA, "ZT2RE"E A &R
2=, FAZHOEE ofd {3
7R AREE)  #ASA,
DNA-9]¥ RNA F@ake oigk 2% 79, A
ANA, A 1A Af F9 & 28k, sk

olgel fhA AAE AddSHe N5e e W

A e

I A% A% ANE AR de
(54 A AAFED) 20 WA 30 AR EA,
CAAT (54 A 714 %919} waste] ek 275
AH o EA), SADA, AN oA AR S-S TP

A Tbedt ZREHE 76 dZddE A

oot =2 fAAe] wdE fEde ZERH
E= 54 22 AU 54 20N Solfe=
HYe FEdhs ZERH) 25 AMEE 5 Utk AR
Pee A4 ZErEY gEdd dEs
&Y EAolZ Hlo]HX(CaMV:  cauliflower

mosaic virus)2]35S RNA FZAe] ZZREHE EF
A3, I Hrol  fulFA € (ubiquiting AlFe] ZZRE
(Christensen et al., 1992, Plant Mol. Biol. 18, 675-689;
EP0342926; Cornejo et al., 1993, Plant Mol. Biol. 23,
567-581), ¥ H®l ZZ TE|(Zhang et al. 1991, The Plant
Cell 3, 1155-1165) & & & Utk A8 71&¢
=4 ZERHY  Jq2s FE ol 93
gA3EE AR WEHRZEOU ETIZHE(Mett =,
Proc. Natl. Acad. Sci, USA. 90:4567, 1993), =3
AdEotw|=ol  ofsf FASIEE In2-1 B 22
L 2 T E{(Hershey 5, Plant Mol. Biol, 17:679, 1991),
EFIIABHI|ES o8] FHHE= GRE =3
#/1¥(Schena 5, Proc. Natl. Acad. Sci, U.S.A., 88:10421,
1991), ole+s =dA ZTZRE(Caddick %, Nature
Biotech., 16:177, 1998), &=
7+2 B2 2} (ssRUBISCO) 2] AMBHFUENA a3
P24 ZETE|(Coruzzi 5, EMBO ., 3:1671, 1984;
Broglie 5, Science, 224:838, 1984), =¥l AlElA]
ZZTE(Velten 5, EMBO J., 3:2723, 1984), =23
AEHI(NOS) Z2RE, SEF AEA|(0CS) TERH,
d%4 ZZHEH(Gurley 5, Mol Cell. Biol, 6:559,
1986; Severin 5, Plant Mol. Biol, 15:827, 1990) H
ST Agluteling  Z2REH, F & D€ (lectin)
2R, BF fF UH(napin) ZERH T = T
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45 o7l AT Aotk A= F e A
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FHHe t‘o”ﬁ% Adelste] A £ ], X
STTE FEAMNII= PHe W=5ES US
6,140,553, =& (Fromm et al, 1990, Bio/Technology 8,
833-839), =& (Gordon-Kamm et al, 1990, The Plant Cell
2, 603-618) SOl ZMAE WHES AET £ glom,
HE FHAHIANT7] AT P2 E3(Shimamoto et
al, 1989, Nature 338, 274-276), =31 (Datta et al 1990,
Bio/Technology 8, 736-740), = #1553 WO 92/09696,
SA53] WO 9400977, =A53] WO 9506722 Sl
AAE e AR & At £ ErkEY g@h)

FAHS | JojAME= F(An G et al,
Physiol. 81: 301-305), &3 (Horsch RB. et al, 1988, In:
Plant Molecular Biology Manual A5, Dordrecht,
Netherlands, Publishers, pp 1-9),
E3#(Koornneef M. et al, 1986, In: Nevins DJ. and R.A.
Jones, eds. Tomato Biotechnology, New York, NY, USA,
Alan R. Liss, Inc. pp 169-178) ol 7MAlE W<
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1986, Plant

Kluwer Academic

FARAGAZ 9o Wl

FAA & ZAHo] QlOom(Chiton 5, 1977, Cell
11:263:271; 853 EP 0116718; w553 US
4940,838), 54 A=Al AL WHE FUA
SAE] Ank. A Esfol] disiA= ml=5ES US

5,159,135, Fol wsiAe HlHES US 5,824,877,
SFgol A= =5 US 5,591,616 55 FxT
AUk ofaEubElEE Wi FEHE PHe
Ti-ZetAr|EE  o|&sh=t, ¢ EefavEde
T-DNAE & Ax9 Awex FINZE + Us
29 74 Al(border) Aol EFE Aolth

A, A7l () AE AE FAATE AEAE
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aasd Agls A2 vl fARE olgde B

HEG & gor, yopl 984 ¥ BWH EE W] b)) BAE ABAY 2Edx RS st
e AW P, A7) PHES TG Y B AEsALEIAN Ue 5 Wy A9 A=, A9
Fatol AWF 4 9tk S @l AW AR 9 WEE F7)9 AR,
E 08 Seo) Qojd, ¥ ue] A U S4S 984 $% B Le ) FPA Ao 4
e 4B Az Pl B Aot o fRATE ] BAARE Aol A o)
B0 A Y 54 2 4BAY A A4S o)gde W¥I 4 glow, = ofEd

H [e}

< Ze AHEAE Addske 9AE E2dskd e HEAe x3E AdAIE WHS ()
TAEY AERME 19 drIAEe e A B AEHE
B GAACNAM, A ST SAold AEAle HA, 19] @713 FARE Ade Zte e 2AS
<71, e s oo A H(biomass; 27] BYEE FEEAE = Qe 2H AL A ThssA
Aol oKE A=Al wste F7RRE 54 giEs AAHES S AJAZIL (b) T T HEE
A=Ae] FAe AT A 7 FAY AzAo FAHHse SdAE I

syEs Aol ofdd A=Al Hlst s

37 (a) BAE FRFTHeR FYPD £ Qled, B o3 AEA Al o WEe () AEWE
ol frAFeA Wl disixe A7 B e 19] IMEES ZHe /A =e Ad9E 19
w3t AA AEA] Az WHF FHste dwd A7IEY FARE MES e fRAE OAS
npe} 2}, FAAANZD £ dE 2d AL FAE JHsEH
271 () e AEAY AT FEs A FAFHES LA AJAZIL (b) T EFAHEHE
S wluste] AdsAY, AR Al A 250 AT GAE T

A R A gAASRE A fole AE npA T o2 EHol ojA, B W AEA ~EHA
FAAE olgste ¥ 4 glom, TE o]E9] WS 771 Wl #3k Zloth

YRS EFstY AEE S Qo B owgo] AEA ~EHA YRS EMIE
T 02 ZHd QoA B de 2EfHx Uy WS (a) MEHE 19 G7IMEE 2te a4 ==
2 EA S Az el #d Aot AEis 19 @7IAEt AR AEE Zhe
B odge] 2Ega g AEAY Ax WEE @) 2 HHAE IAS AEEANZE F de 2E A
AEA NN MEHNE 19A7MEE Zde A =22 A5 Vbl dAEES TEEE AT (b)
MEWE 19971488 fARE DS Zhe fxAE O FEEHE AEAC A= WAE
FEEA T E A ) 2EH2 WA FEFS 2 ST

AEAE A¥se dAE T8ty FAHG 471 BHEANA 7] (@) Db) HAE 7] B Ee
B gAAeA, "2EHAE JHr 2Ed2 WEE S 237 AdE AEA Ax WHy ddse d9%
akstd 2EHAE ovgth uke} ok

371 (@ YA FAFEHer F3d 4 ded, T 02 ESHe QoA B wwe ] B odwo
olfg FAFsH Wl teides B W w3 w3t A AEA Ax P Qs Aoz,
Ad AEA] Az Py @At ARG upel AGWE 19 AVIAES Ze FRA e AE9HE
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o]Fojzxl  ATPG4 THAS

dzshele FAA, 53 AEME 19 drIHde

e AR EQiEY AEdEgoRd k3 A
:|

Py
42 2 FRAT A=A o,
=

=

A5 ZHo QojA, 7] AEAE AEHE 29
ofiAt  MER o]FoZ ATPG4
dsslele A, B3 AERs 19 dUIMES

Zh= AR ATPG4o]l  EdEo] PO EH

[e]
oA s

HH2 g Sl glojA, A7l AEAle AEME 29
ofizit  MER  o]FofR  ATPG4 HEAS
dzstehes FAA, 58 AEHME 19 GrINLE
ZHe FARA ATPG40]  EYEY] FEdg o=y
ZEH 2 WS zhe 3438 4=

2 HAACA, 7] "dEAR HEAe s

[‘

HEE BHAFT + A HE AZ, 4 27,
EE A4E Fh A7) f2A7 2YEel 3aas
Awe ohje} RAAE AEhe] weld] o
ol Awol WFE HBA, 4F FA 4T
AES EFUT
EEEEED

ATPG4 & 1 A5 Aed 5 Ao 37

TAAE A& =3 Ad 7%, A8 Fd 7 2
2EG 2 U4 7S AFsiEE, o fHA=R

NEAS  FAABANL A%, ABY  w8E
AQNTAG AL FUAANAL 2EAS WES

T e AEAE AXE F Aok

=

g

M

5 18 429 w3 A9 7%, AR 30 )5 8
2~

pCSEN-ATPG4  A=3  WE <]
TEREAR)E Uehd Aot

E 28 A7 =19 pCSEN-ATPG4 =3 #E=
&

JAHEE of7]ZY T, 1S ol & 50837 70

ATPG4 ox-2: pCSEN-ATPG4 %3 WEZ FAH3d
N7 T, =<l

ATPG4 ox-5: pCSEN-ATPG4 A %3 WEZ FAH3d
N7 T, =<l

ATPG4 ox-7: pCSEN-ATPG4 A %3 WEZ FAH3d
N7 T, =<l

T 3& 7] =19 pCSEN-ATPG4 AxF HWEZ
FAAZE o7 de] T, #elEs AY A F 20¢
o1 gthel ATPG4 FAAe] wHd
A% d3E Yehd

% AR

44S gRT-PCRE E3}o

Wt: o§7178H) oy

ATPG4 ox-2: pCSEN-ATPG4 A3 WHE FAHSH
N7t T, 242l

ATPG4 ox-5: pCSEN-ATPG4 A =% WHZ JH g
N7t T, 242l

ATPG4 ox-7: pCSEN-ATPG4 A =% WHZ JH g
oi718t T, 2l

E 4 WY oREe vYd dE 7]EelA
ATPG4 fAAFe] W& S RT-PCRS 5319
$4% A58 e Aol

S: seedling, R: root, Ar: arial region, GL: green leaf, YL:

yellow leaf, St: stem, F: inflorescence organ



5 55 A7 539 o7 Eiele] Ay Sl

ATPG4 ox-2: pCSEN-ATPG4 A= WH=Z g2 zdskd
H71 - T, <l

ATPG4 ox-5: pCSEN-ATPG4 A|Z3 WHE FAxge
H71 - T, <l

ATPG4 ox-7: pCSEN-ATPG4 A3 WHE FAxgd
H71 - T, &<l

Height: 7], NTS: &Zt3% &5, Dry-W: AA A%, TSW:
FEA A, INS: T34 <7, 1,0008W: 1,000712] F2
7

=6 AY A T 12YRE of718Th o83 (Con),
35} A do] =% WolAl ATPG4 ox-2, ATPG4 ox-5,
8)3L ATPG4 ox-79] 3-41 FH%A(rosette leaf)S vl
4dnith 40947HA] Yo AP S AET ol

T 7S AR AR F 1297E 4718 H oFA3(Con),
3} Ado] F=d WolA| ATPG4 ox-2, ATPG4 ox-5,
8|3 ATPG4 ox-79] 3-49H FH(rosette leaf)S i
4dmitt 402474 Qo JE4A
1ol

T 8 A AH F 12¢7E 4718 oFA3(Con),
3} A do] =% WolAl ATPG4 ox-2, ATPG4 ox-5,
8|3 ATPG4 ox-79] 349 FH(rosette leaf)S i
4dnitt 409714 Ao FHAE &S FFmEZRARR
1ol

T 9v A9 AA F 12YFE 4718 H oFA3(Con),
3} A do] = WolAl ATPG4 ox-2, ATPG4 ox-5,
8|3 ATPG4 ox-79] 3-49H FH(rosette leaf)S i
4dmitt 4024744 e w3t mbA fFAAke] Ed
Fd= RT-PCR= Fstq 24T Ads el
AolH, ACT2E PCR ¥A HEFE  AE3IATh
CAB2EHE4 ab AF @A frAtola, SEN4 Y
SAGI2= =3 AARAM, k38 v fAEeIth
=10 Zob 2194 71 of¥ P (Con), =3}
AAo] fF=w WolA| ATPG4 ox-2, ATPG4 ox-5,
T18)31 ATPG4 ox-7213-4H S detachdte] HIEHIE
At o) 2wt 12974 o] mAFe HEF
wACHlIe)

b

dEe 2N

hal

T 112 wol 32194 1A oRAF(Con), =2
Aol =¥ wWolA ATPG4 ox-2, ATPG4 ox-5,
18] ATPG4 ox-72)3-4¥1 FAE detachsle] IFEI S
A 2guith 12974 Yo HEA IS
ZAFE 2ol
T 12¢ gol 32194 of71Z ok ¥ (Con), =3}
Aol =¥ HWOlA| ATPG4 ox-2, ATPG4 ox-5,
T18]3L ATPGY ox-7913-4H S detachdt] HIEIE
frAEte] wf 2duitk 129714 o] FFAY BES
Fv/FmE ZAE a8o|t)
T 132 ol 3219A of71AY oFAF(Con), =3}
Aol =% wWOlA| ATPG4 ox-2, ATPG4 ox-5,
T18)3L ATPG4 ox-7913-4H S detachdt] HIEHIE
FAS]  wl 2duith YA o] k8w
Al wd PA4S RT-PCRS T3t EA3
A3s Yehd Aoy, 4C2E PCR ¥4 dxT=
AT C4B2, SEN4, 183l SAGI2E +3} w7
Az ot

14= 7] =19 pCSEN-ATPG4 A%F HE=Z
HA[TE o7 T, #Fls Wol & 559 Ft
AR 7]t e ARzlelth
Col-0: 7]t o83
Con: °f7]1d thzT
ATPG4 ox-1: pCSEN-ATPG4 AZ3 WEHZ A5
}71t T, el

bt

ATPG4 ox-2: pCSEN-ATPG4 A=3 WEHZ FHxgH
N7 T, &<l
ATPG4 ox-3: pCSEN-ATPG4 A =3 WEHZ FHx3H
N7 T, &<l
ATPG4 ox-4: pCSEN-ATPG4 A %3 WEHZ FHx3H
N7 T, <l
ATPG4 ox-5: pCSEN-ATPG4 AZ3 WEHZ FHx3H
N7 T, &<l
ATPG4 ox-6: pCSEN-ATPG4 A= HEHZ FAHSHH
N7 T, 2l
ATPG4 ox-7: pCSEN-ATPG4 A|=3 HEHZ FA X3

N7 T, 2l
ATPG4 ox-8: pCSEN-ATPG4 A =3 HWEHZ FAH3SHd
W71 T, 2l
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5 155 471 139 FEA™E oW71FHe] T, 2keleol
ek A AR 5 24dA A0 ATPG4 FRAAE]
W FFE RT-PCRES Tt 248 AdE vehd

b
>
rlo
o
N
e}
1o
oftt
i)
™
]
2
AN

174thel T, 2helsel

et Aakd Fo AZEA FFA S8 oig

Y F

rlo

ol % 3094 of 74
27 (Con) 9t =3} A Aol =% WOlA| ATPGS ox-2
ATPG4 ox-5, Z12]3L ATPG4 ox-7% 16¥ B¢ 7HES
Agstal, 1 Bkl dojd AEe] xdFH ®E
TAIG -]t

ol 23094 of 7]
27 (Con)ot =3} A Aol =% WOlA| ATPGS ox-2,
ATPG4 ox-5, 18]l ATPG4 ox-7% 16¥ 5% 7HeS
Agstal, T skl dojd A& o FA ®E
TAIG -]t

T 195 dol & 25UA o)
27 (Con) ot =3} A Aol =% WOlA| ATPGS ox-2,
ATPG4 ox-5, 18]iL ATPG4 ox-79] 3-4H FH<AL
detachdt] 6937 H,0,5 A2k Ao FAY W=
TAE 1ot}

T 202 ol & 25UA el
) Z=7(Con)9t =3} A o] F=% WHolA ATPG4 ox-2,
ATPG4 ox-5, 18]il ATPG4 ox-79] 3-4H FH<AL

detachste] 67t H,0,5 AR Slo |54 o

bt
oo

o

T 18

bY e

bY e

Y F

rlo

5212 o & 25dA 7|
) Z27HCon)2} =3} A|o] FE8 WolA| ATPG4 ox-
ATPG4 ox-5, 18]3L ATPG4 ox-79] 34¥W HIL
detachdl] 6¥ZF MO E A g Slo] JFH &
W3S FvFmE SA S T13o|th

o

(s A7) At FAR A W8]

Bubgdel AAdE Hzste AWt ey
He7E olE@ AAdel IAHHE AL
ot

<AAd 1> qrBUERE A= Y Tt

=3 AdSe xddw =F 2EFHE YAHS

A F3H= ATPGY FAAY] £

A& =3t A 7, A SU Ve 9 2Ed
YA 71%5e ZHe ATPG4 FRAAE 7IAUEEY
a7 fste] o 22 AE TS
<A 1-1> o718 Al B oEfeF

WHde EYFS TS oA AuistAY, 2%
FAZZ(sucrose, pH 5.7)¢F 0.8% ©}7Hagar)7}FE 35
MS(Murashige and Skoog salts, Sigma, USA) WiA|E
< JAEY YA Aufstdtt. shEelx Auld
T 2T 2294 16843 By #7272 245HE
A7 27 7](growth chamber)U] ol A1 A ull S} T
<gAld 12> RNA FZ7 cDNA gtolHe]g]e] A=
718t cDNA olB s Ws7] A oY
23} @A9] o7t AA 7| # O =FE RNasey Plant
Mini Kit (QIAGEN, Germany)2AH&3le] RNAES
FE39a, FE8 A RNAZHE  Superscript 111
Reverse Tanscriptase (INVITROGEN, USA)S-©]-8-3}<
cDNAE 33ith

<A 13> A=Y A SOk =3 AdS

zdsa wR AZe 2Eds WAL AT

=

o

o

ATPG4 A AHEE]

o 714tle] AT-HOOK MOTIF NUCLEAR-LOCALIZED
PROTEIN (GeneBank accession number NP 566232.1)2]
ANAMEE 712E St AEHE 302 HEAHI
AFEL Pacl® Aol Z3E ALEF  ZtolH
(Pacl/AT3G04570 SOE-F, 5-TTA ATT AAA TGG CGA
ATC CAT GGT GGA CAG-3)9t AMIHE 42
FANED ATELE Xpalo] A Eo =R
Z2}o] v (Xbal/AT3G04570 SOE-R, 5-TCT AGA TTA
AAA TCC TGA CCT AGC TIG AGC -3)Z
sttt Zofo|lwE  ARRSE] A
<A 12004 o}7]17¢th  cDNAZH-E|
ol gst] HA

U

39

371 F
A zH
PCR(polymerase  chain  reaction)&
cDNAE F53lal Ze|atith
371 22" DNASl 24 A3 ¢ 32 kDad
FS 2t 315709 oprAbs FeslEl= 948bp
o A S5 EORRE AT Yow, 1 e
E(exon) 2.2 FAEHO] USES FASH I, AT-hook
WS 7HAaL Qlo] ©]& ATPG4(AT-hook protein of

A

-

i

W

7

b2
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Genomine 4)% HH3IAth A7) FAA7}L ¢asist=
ATPG4 A9 FHH(isoelectric  point)e 6.3°.%
Uebstthelst fFaaks o|RYAE AFESte] "ATPGY"
5L "ATPG4 FAAeela, @ "ATPGA" F2
"ATPG4 ThijZ olekal e},

<AAd 2> ATPGY4 fAAY A Ax THA
(construct)7t =R1E FAAZ ofr|Auie Ax P
3o g &
<HA 2-1> ATPG4 FAA ] tigk Al FAA 7}
=Y¥ FAHE o) gUe] A=

7] FAAE AEY A Fet k3t

A&
b omd 48] 2EY: WAL AFHEAES

4 g4

o

BN
i)
[0

sty $std  ATPG4 FARAE Alx WEgo =z
=909 FHEAE  HE ARSI ATPG4
ZAAA o] HEd-g WA AT

H‘ﬁ‘ﬂdi 302 FANEHIL ATELE Pacl®] M Lol
I3 A Zojolw 9 AIRE 42 FAHL
A E A Xbalal Mol xFre AF Zlo|wE
o] g3le] of71gthe] DNAZFE] PCRE o]&3}o]

ATPG4 DNAE ZFZsich 7] DNAE Agas
Pacl3} Xbal2 2 AAsty, 54 ZZEH(inducible
promoter)?] SEN1 ZZREO| 2AS WEE A3
pCSEN HEjo] Alx WgFoz FEYst] ATPGA
A gk Al FAA)] pCSEN-ATPG4 A=
HElS AZSIAT 7] SENI ZEEEHE A&
A SAe wet IAEE fRAed s SoldE

Zt=t

¥, &= 1 pCSEN HE|o| ATPG4 FAA7} Al
o R ©9)E pCSEN-ATPG4 A= WEE =AS
agoltk. 104 BARE  HRZEF AlZAlC] g

AgHE  Foske= B4R % AK(phosphinothricin
acetyltransferase gene)E 7}2]7]3, RBE 2LEZ% A7
(Right Border), LB+ 9% Z37|(Left Border), P35S+
CaMV 358 EZZHE, 35S-A=CaMV 35S RNA polyA,
ZERH, = A
7 A (nopaline synthase gene)®] polyAE7}F&]ZIth.

471 pCSEN-ATPG4 =3 HWEE ola=nteE%

=gk ol (Agrobacterium

PSEN<  SENI Nos-A+

tumefaciens)

AW E Z X o] H(electroporation)  HHHES ]85}
SYUAAT FAREE  olaEEbEH g wdds

28CA  ODewdtel 1.00] 2 wj7hA v,
25ColA 5,000pmo.E 108 & AR st AEXE
FEA. F8E AEE HE 0Deodte] 200 2
w7} A] Infiltration Medium (IM; 1X MS SALTS, 1X BS
vitamin, 5% sucrose, 0.005% Silwet L-77, Lehle Seed,
USA) Hixo] #gstdth 478 WFUNE AT
A (vacuum chamber)ol] A= oF1ZHEHH B8 HEF o
AN AL, 105 B¢k 10'Pad] WF ol Ttk A
5, 7 E 24413 Bt EfolldEl W(polyethylene
bag)oll FAUTh olF, FAAZH W7 |AHE AL
AEAA FAHTHE FEY dxToEs
FAASE A e o F(wild type) N7 Ee
ATPG4  FRAA7F  =ZFEA @& HE|(pCSEN
HE )R 2 FAAE )74 E AT

<Al 22> T, 3EAS of71gie] 54 24

A7) <AAd 2solMel o] ARG
W71l FEE FAE 0.1%  HF2~El(Basta)
AzAEE, =) oA 302 ¢ HAAAIL

ggro 2 st olF FAAET o7
A & 7] kel vize AxAE 53 A3
T, 7ZF oA FHAsE ey |AtE AEsT
pCSEN-ATPG4 MWIE|Z JAHEE T, o7|Fdle
W2T(ATPG4 A7 =A% HE|(pCSEN
HE)FFO R FHHEE  oFY  Ze o
7)) 159 FIFS Hlmstd & o,
EFAE oA S F3e w3l A 5L Bk
olgdt FHHE ofr|AUe] EHY

g48s] glstr] st Ty FAHE of7| Ao 25EH
T, #8438 FTAE wol oE il RIFS
ZARIAT A, 3¢ B¢ AL AFEO)F T
FAHE TAE oA A T utxE AzA
APE Bt T, 2AE 7| AE AEs
AdE 7Y T, A 2RI 58Y gl
ol F500 4, 181 7097 FHEFATHE 2).
pCSEN-ATPG4 THAS 7ML U&= ATPG4 ox-2,
ATPG4 ox-59} ATPG4 ox-7 WHolA A& o714t
ZFH(Con)et Hlmste] Buf, 2EA w3} A4
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Aol Tl Uertom, ofgd ol Woldse
w3} AQ FAFBY ozt w3} AD B AA
2709 B4 AAPINE FRE F7E Byl
R olHd w8t Ad YT YWY Fe
ol vhth oy Aolrh AfdEdl ol E 394

ol vk 234

AlE =3t A FEYS e "olAY ATPG4
AR B e BAsy] fstdl A9 A4
20 B ASFF WA oRF A ATPGY ox-2,
ATPG4  ox-59} ATPG4 ox-7 WolAle] YO RIHE
RNasey Plant Mini Kit (QIAGEN, Germany)< A}-8-3}¢]
A RNAE A4 FZs3oh 44 11e]l RNAE
F3o= 33, Superscript III Reverse Tanscriptase
(INVITROGEN, USA)S  ©o]83ta]  65CoA 55
50ColA 608 = 70Tl 1582 2O (DNAZ
AT ol F, SAE (DNAS FYPOo =7 a1, 3]
ATPG4 {r37ket PCR 48 WIZFE AREE ACT
AR ol syl [E 1]9] FelHQl ZetolH
AHg8te] PCRE FaEFTE PCRE 94TollA 223t
7tgste] 3 DNAE WA F, 94TA 1%
55ColA 18 302 2 72TCoA 1S & AojE=
skl F 303] W Y3 T, 2ColA 1583 HF
HEEAIA  FETh olF, 1% optE2 A
719EL2E PCR 4HES gRlstdon, 1 ZAis
T30 =AU of 71T okdE ol st ATPG4
ox-2, ATPG4 ox-59} ATPG4 ox-7 WolA|2l ATPG4
fFAazke] ol A FiHe Ae IUE F

i

R

Aom,  o]HI AMNE B oA Eo] ATPG4
Az FEEAAS Sk Aok

ATPG4 A7 Hddid I8 A7t &2 ATPGY
ox-2, ATPG4 ox-52} ATPG4 ox-7 WolA|lEL =T
iz wlisted A =27, A FEF o Y4
S 4ol 2 ZloE yeyith Idd FrEE
A FRAe] A dd A= P B2

ATPG4 ox-5 WO|A= ATPG4 ox-29% ATPG4 ox-7

WolAle]  wald A4 o )@ &
AuF o okt Aow et el B axel
wEY 2 AN 09 ws AQd o

=

=

=
e

GLE

Jm
o

A ABE el AN 5 e

mv)
o

pous
o

= add
[ 1] ATPG4 $RAS} ACT G4x 3L 93
Zofolw AME B AERE

No. |S&x}

oz
(0]

Yeb/qYY Zelo|HM EH )

CTCGCGATTCTCCAAATGCT(M DS 5)/
GCTAGGGTTTCGATGACGTCAGT'(Af
ATGGCCGATGGTGAGGATATTC (A
CACCAGCAAAACCAGCCTTC (MU 8)

1 ATPG4

2 ACT

oRF ] ATPG4 FrHAe
Z1wE 3y e B4 fEk ofrET
g Al 713 RNAS
cDNAE FAsta olg FIPOE 3o
ATPG4 7334k PCR ¥4 thx=7=2 A" ACT
Al thell sk7] [& 119 SeolHd ZlelwE
AHgEte] PCRE a3ttt O Zide E494
SAE uke} o), ATPG4 FAAe] WHde F=E
oA o]FofRE= e L F Uew, =T
%719} Inflorescence organ®| A= Hdo] o]Fo|FS& &
T It O™ dbE) By 27)9] 2] E(seedling)
BeodAes fHe dde] AAY Ues & F
AT o] F AR T FojHol B {HzE= A&
8, =71} Inflorescence organ°lAl FE 7]5E& 714
A& w3t xdd #AT ZAow AdEHe W,
el W 27|18 f4E A=Y € Xlde

7e€ A9 7THAA ¥ e ddd

21 &)

=

<Al 3> ATPG4 FEE WolAe A4tE Fuld
& 5S4 &4

ATPG4 F7Ate] IdS Tt dojxl AEA w3}
AA Aol AE9 M FdE R #
AEAE FRlst7] fI8te] WolA| ATPG4 ox-2, ATPG4
ox-59F ATPG4 ox-72] BRIEZE F2 8% 539 22
BHE Fd ARE AHEste] ofr|AT oixTot
Hl sl ®gk

g5 A Fo A& 7l(height),
A2 I silique)  FFNTS), BADH dry-W), F  TA
FA(TSW), & A $(INS), 183l 1,00071¢] 2}

o,

>
>,
o

AE=



EA,0008Wyeld, A= ZFRIEE ZF 207)A9]
Hgrolth

ATPG4 ox-2, ATPG4 ox-5%YATPG4 ox-7 HO|A|
gRIES BT o7t ozl Histe] 158 o
T4 FAl oA FTree ZoE UEhgon, T4
1,000702] FAlol= ATPG4 ox-2 WHolA7} tzTol
Hlgte] 148 ol FUFE ZoE Jehgth olEg
AR mRojHol Efxzte] wde FAke| s
a1t AA FA s BF St A4S AFshe
AR A"t Tln AR A A
AoAE FHd WHolA= T Mgt FES
S7F @S 7T olEld AMEE ATPGY HAATE
3} AAFG il A A7,

F 53 2 B AW Iy Fws:

A 27 2 A

Ag A

Eah

P

Aoz FAHAKES). wEr B Gzt gRE
g AR Fdige SHA e B 28
Aoz A7tk

<AAe 4> ATPG4 FEHE WolA9 =3 ZHd
g 54 B4

ATPG4 I WolAe =3} Ad FAS sy
Ak, T, AdielA A AR T 129 o|FHH
341 HAU(rosette leah)S vl 4wt HJEF T, A
dE4 28 B8 24e S48
=7} HlwatgiT.

<AAe 41> ATPG4 FTE WolAe] yo]-&EH
S3tof] mE 9o RHFA Bdi}
AR A F 12Y o] FRE 34
404744 Qo] HEFE %%‘6‘}25{1:}. a éﬂr,
o7 Zt) R A 28U o]F o] FH3 Ho
w48 UEher 2UAFE o] I AKnecrosis)
JEll Hol e W ATPG4 ox-2, ATPG4 ox-59F
ATPG4 ox-79] 7% 49 3} d/dol 369 o] FHH

AgEgem e I dge 40U olFrE
A

£
2
N
o
)

olghe AT+ UNTkE6). oleiF Az
1Tﬂﬁp}An@4ﬂﬂx&f‘%ﬁliﬂoﬂﬂw 3lof
293 98-S goalalgn dekEh

AAG 42> ATPG4 FTE WoA Y fo]-oEH

gt mE A=A g Wt

BE2 FF SAS f8 A AR e 80% (VIV)
acetone=  ARE3tY  PEALE FEIUTE HE4
FEFE 6632 nme} 6648 nmo| FF ATFE o] &3}
Lichtenthaler®}  Wellburn®]  "*H(Biochemical ~ Society

Transduction 603:591~592, 1983)°] uw}e} é—?é%}‘%‘t}. i
A, =79] =AE uke} o], ofFY A 9E
ghago] 2 A F 24U o]FRE AT #TAE
Holm] 3644 FF49 FFel A9 0%t HAoH
ATPG4 ox-2, ATPG4 ox-58} ATPG4 ox-79] 75 A4
A F28dol HAE W= A 2719 60% ©ld<]
Fe HYS AT 5 IS
<A 43> ATPG4 HEHH oA fo]-oFF
sjol] 2 P3H 88 WSt

¢ 59 WH(Plant Mol. Biol. 30:939, 1996) ©]-&3}ed
4 7t DAE(day after
emersion)®] & 158 & AyEF F AE &
£297](Plant Efficiency Analyzer)(Hansatech)S ©]-&3}4
HEA FFe SAHSAT FHH 58S HELY

3

l‘>

H

YF= EAE o]&3gk PSII(photosystemIl )] 33}8}=]
B &(photochemical efficiency)® UEIHAE=T], FF=
Z ) X](maximum value of fluorescence; Fm)oll T3+ Ztj

WY ¥FE(maximum variable fluorescence; Fv)2l

H&(FvFm)Z YeERY. A7)
FHA Efo] ¢S Uehdth
O AR, = g ZAE npeh ol ofAFL Ay
A F32Y olFRE FA% Zadtr] AFE 369
o]FRE Zgo] WEE AFHOU, ATPGY ox-2,
ATPG4 ox-59% ATPG4 ox-79] 7% A9 AQ £
3697HA &4 WS A dojuA] ¥t 404
ojF &4 Ado] dojyth 47| AIARFH, 4TPG4
I RolAlE ofFl HlE) o] FHe] dX 1
TAFE Zhe Z10E Ueyton, o2t s A%
Iz ATPG4 FAA 9 HE4A

[e]

'IT o
528 Aa=E

o=

FA7 wesE

Fols
r

P

Z:]-/\ 1:11

AR 528 4 FHE = kgl mE e
WL Adgosn fEEe Aos A4dEn

AN 44> ATPG4 FPEH WHolA|e] fo]-o|EF
=gt whE w3t A frize] Uy W)

ORMET ATPG4 ox-2, ATPG4 ox-58F ATPG4 ox-7
Ho Ao A 3}

#H 5 A (senescence associated
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gene; SAG)EQ WAL nlwaly] s, o @ 3H
ek ARE Aol 2 ATPG4 frRAte} Zhest B

O

fAAES] WY FEe RTPRR BHE  Ed)
R

Total RNA9] 2= WelPrep™ Total RNA Isolation
Reagent (JBDE ©]-8&3t51 9™, DNase I (Ambion)&
Age F, AFES B 0.75ugS ImProm-II™ Reverse
TranscriptionSystem  (Promega)< ©]-83l first cDNAE
sttt

ATPG4 A4 2 3o Wik v (marker)
FRAEA g A 24 Applied
Bio-systems2] 7300 Real Time PCR Systeme ©]-&3t
Quantitative real-time PCR (qRT-PCR) ¥}4& T3
gletiet. =3 v FHARE SAGI2, SEN4 B
CAB2 FAAE ARSI SM,  RT-PCR ¥4
HZzTE2E  ACT2 AHgERE. AHSE
IelolmE 7] F 2004 AABIAT

[ 2]

EoiE fAzke] HES 93 Zetolm AW D

FARAE

No. |FHAY Feel/odet Zalo|H(MER D)

1 CAB2

5 SEna CGTCGATGACACACCCATTAGAG(A| @ HS 11)/
CATCGGCTTGTTCTTTGGAAACM B S 12)
ACGATTTTGGCTGCGAAGG (M@= 13)/

3 | SAGI12
TCAGTTGTCAAGCCGCCAG (M EHB 14)

ATGGCCGATGGTGAGGATATTC (MY 7)/

4 ACTZ2
CACCAGCAAAACCAGCCTTC (MEH =z 8)
CTCGCGATTCTCCAAATGCT (MBS 5)/
5 ATPG4
GCTAGGGTTTCGATGACGTCAGT (MEH S 6)
PUTY AP, CABAPEL ab AT TS} e
Pl FRE A BPL Aol APsE
wsfo] Hlesle] PR ATPGH TEH WolASL
HsE P e uehigth 2Ed sk
He AR, oHEL

signal®  AME-EE= SAGL2
RYA Aol LAES Jehie v, 4TPG¢ HEE
HolAELS 3647kA F7F @il A9 UehyXA
2Tt 408A = ofFol 3t k3 signale
ettt J8la A5 w3kEet AzlFoz W)

S7HE e AR 4zl SEN49] L oRFANA =

FASA S7Vshs Wb, ATPG4 FEE
Hol A 5L =3l A A FWoNE SENYS] HH F77h
A YehgA @itk @ 4TPG4 HrAAke] wd
WS AR, AAHOZ ATPG4 FAA FLH
B o] dA3I
gIEE HEo zole AT
289 o]F Tadte Zlo® uveuith 1y olzdt
e @S s BFsta o7 opAFe
Hee 22 3 S RS e o=
YEIRTHE 9). ©l=3 AMES TR ATPGY

FRAE BAY £EAM wstel AZ%E AUkl

o
o
i
o
off
rO

=35 FRgtn dExl acId & Al g
ATPG4 FEd wWolAle Slo] =3b Ad FH
E£4& 4317 st T, AltiolA ol £ 2144
344 FHY(rosette leaf)= detachdte] 3mM  MES
2+%--8-9(2-[N-morpholino]-ethanesulfonic acid, pH 5.8)°ll
AR & o BHE #FAS W 2dnit 23
w2, d dA54 I, BdY &2& % »3ad
A HAE A7) <HAA 41 WA 4-4>9 TS
W o s SAste opYF of7| el Hlwsith

A, 71T oREe Ae dAE MY
o] FHE o 3t o] ZPEo] 6dA o]
I AHnecrosis) “FEl HAEUT. WFH ATPG4 ox-2,
ATPG4 ox-58 ATPG4 ox-79] 7% U] 3} @3]

oYl mlste] AQHE ZoR HAAW, 53
ATPG4 ox-59] 735 AA@Ao] TS FRFS Feld
& QA= 10). & HFol o8 w3 ¢ 24

g AP BE Hsle] JoXE opyFo| HlstH

Azl Hole JAT FTF %
< & F AAHE=E 1174 12).

T3k w3 A® AR SEN4S} S4GI2, ¥

% 3| Hds g <AAd

4-4>9} T3 Wi wel 2ASIGET O A9, =

139 Z=AE wke} o], oo mlste]  ATPG4

- 109 -



HOlAES  S4G129] o]  AAHi,  SEN4S
HEgol AAEES ¢ F UMk olHT AREE
Hjgo] Hol ATPG4 FAA= =3t AX FrAY
By A71E 25EAY 32 3dleS JAANA w3E
AAA 7= AR ATHET

<ANd 5> ATPG4 FEHL
A AN S FAAA £4
ATPG4 3HEE Aro] wE wWolAe w3} AAF
A Foel digk FHAAE B fstd, T,
Ad 10 ZFRle AlsEte w3t Ad g A Sl
g 150 R¥FH 5A, WolAl #HRlE 4TPGA
E A, a3 WolA RIS A FUE
ZAFste] o 7)1t ook Hlaskh

<AA 51> ATPG4 Fdd WHo A9l =sAA 9
A ZFool tig 28 F 3 EA 24

ATPG4 I WolA|o =3iAd B Ay Sl
ate]  <HdA4)
3 o)A 38l 9ol
F712 sEijle AdWste] F gEljlel T, ¥EHS
o717 B o717 ok & (Col-0)}
2T (Con)el EAYH wWslE vlwsigr AEd
H71 AT T, FAME FRIEY Y e wol &
5594 FHBIATHE 14).

AANZHOZ ATPG4 ox-13+ ATPG4 ox-8 ‘o)A 2l
AQata UmA 6 WHolA RIS BT of7|A
2o Histe] =3} Ao @FFH EAS /AL
Qo 53| ATPG4 ox-3, ATPG4 ox-4

A HE =3

i&
b
3
¥
%
SN

MolAl BllEe w8 Ade EEHFH SAol
FeEsl UEbe Rez glEdn. aw e

ATPG4 ox-2, ATPG4 ox-5S} ATPG4 ox-7 YO)A| 2}l
714 tHEZF(Con)et Hlwste] E o, 2EA]
w3} A AR AA 2719 silique BAE 59
A Fell QoA FEg 28FH EAS 7HTH
ol eRIES] ol FAHA
Hio} o] woldl ERIEE fHzkel AUy W
Aro] Aolol] JQlele AoRE dAHEHH, ol
W] fsted 7 gelEe diE e 2

AEE B

ERYA 54L oA AF

52> =3Ad 9 roasi ke IS 14
A= ATPG4  IEd ol <]
d A= B4

2ol x=3AA 9 LG Sl
ot 2dYA EAIY ATPGY FAFe] 44
AEote] AAAAE A3 dstd AQ AEE
249 9] WolAQ] ATPG4 A W FIE
ZARBIATE. ATPG4 FAA%E PCR A dIZT=E
AR ACT AR diE [ 119 SolA
Zgto]wE ARREE s E15904 EAIHUATH

ol g2kl BT of 7]t op ol mo}oq ATPG4
A Wdo] Tt e s ERIT & den,
ojgigt AR B WolAEo] ATPG4 FHA

LG

FTHAA Y-S SHL Atk
SUEAE, =3AA FTdFHo] 73 ATPG4 ox-3
ATPG4  ox-48} ATPG4 ox-6 WOIAEL ATPG4

kel Aid ol A=rt w2 9, WA =279
silique Ak S7kel e AL e 2dEH

As 7= ATPG4 ox-2, ATPG4 ox-5%} ATPG4 ox-7

MOlASE B ATPGH FAA] FrhE wE s
S o2 debith G gfddel way
ZAe A8 A B Fe wsAde] wWYH
S48 e 4Ee Yedos AR sale
Aoz woan

A

AN 53> ATPG4 FEdE WolA Q] ATPG4 XA
A Heof A Zdio] tid E4 4

ATPG4 P& WHolA| Q] ATPG4 #3A s A9}
A Fdel dig E4E o B 45
At ®WolAl 2RIES] F FA FAE WA
o g vlnl, BT

ATPG4 ox-3, ATPG4 ox-49} ATPG4 ox-6 Wo|A| &0l
Hlgte] ATPG4 FAAHe] doid 2d A=
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sistd o2 FAHE EYwIEleBE, AeEA 59
o712t (4rabidopsis thaliana) | A 29
ZywZEHE ¥ WH3E wEHUHEE AT
Y FEUHEE EF EFeiH, B9Y Y Ee
°]F 7t%e RNA X+ DNAY FHAE EF
E3shE Ao g2A AojHrt
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uistel 4% 2 2
FAHeRE o wEE 709 $8 @Y WEs
A el opdd  ARA wse AAHAY
N2AY §Ea Gl oMY HBA Mol
gAY A2AS Y T&ol Py ABA Mol

)
o2t
™

2 54 gtk
T3 B AA A, "HEAY At AE, s
AE(FTAEA, A7 T4, Ae AlZE, AE 23 58
E3et= gujolth. AE AXY AE 2o
FAAG ] A" A9 FAZTE AE AxY
218 %28 §HESF EP0116718, F+HES EP0270822,
A5 WO 84/02913, EF[Gould et al. 1991, Plant
Physiol 95426-434] %ol 7AAE WHE ALE35HY
e AEAE TSAZANZ F Ut

g B HAANA, "AErelg kst A Ao] QIZHA

& ARE = 7 e B HEe 29

A2 ANEF SV § FA A giEs A
T SV ARddHEER, A7) 4= guds
Aoz A SU7E AZA 7837 AEd
Zz, A W, 4, By, S5, 3 23R, 2, A,
T, AAS AaelF, A, AL, =

HEFe], df(young radish), ¥, 2 ), i1F, B,

EnhE, Sun 9ol P, FS, B o gk, 9,

A, W, B3 WA, AR ARRS 2,
9 A, AR R BRT B,
b, L=, 4B, @ AT AT vkt 5ol

fl

39 Aolx, ®a 29ATe oA, 2T 53
S BETIEE

=3 7lg 2ol
deESEd,  exsagx  dudy, S,
Aeydate| ey, Au),  Zdgeds, A,

7Hdlol A, =3, Mg, EY Tol E3=E Aot

T3 B A "AEHs 19 A7 EH FARS
AEE o]Foxl  FHEAY AR AIHE 29
of|Ats dmEEtHAE ZES FEA(codon
degeneracy) 0.2 <l3le] AIHE 19 FHA} TE
FNHLEE Ze AL, AEHE 19 F7AYER
o] FoZ A FZFA(homologue) 24 A &E2] =3}
Ad 75 X]‘/]U“ A= TR wE z3hF

sRAE  TeE
olulolh, o7l A@WE 1o @rlAdD A
AdE olfoll fAAE AGNE 19 d71HL
A AEdel  werE  wEEsy, A%

°oZ= 9 AME *P%*é o160%, 61%, 62%, 63%,
64%, 65%, 66%, 67%, 68%, 69%, T0%, T1%, 72%, 3%,
4%, 5%, T6%, T1%, 18%, 79%, 80%, 81%, 82%, 83%,
84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98% = 99%2] <FAUE
LolA 42 nlErAlsi)

g B HAAA, IpdErolg ofAF A EA oA
e 5 oo WIS ousth  ols
H3E 19 FAA AEHE
= o] Folx FHAK A
AdA o8 AARsAY 1 FAATL
Ssfele gEs ARl A
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Exy 7} s ddH=E 2 ]1] ﬁ‘ﬂ/\]ﬂ:
A, 2 G) 2 TEHEE AEAel IEASS=
gAE 2t FHdTh
B BAANA, "2 THsstA

S/EE WYo] IS UEF dA"HuY= oveth
o) ojwgt
TS Aol FEFS FoW I ZEREHS O
FAAE s 7HssA Ad" Aot
T2 WAAMCA, "= Adreldt T2 EATL
R0 42" A AA sEs W] 9
nd g e Ee AEe sk rloln, o]Hd
4 AMEde EZERE  AE,
A Y (polyadenylation signal), EA| 7|AH < _‘:Efé}aﬂ'q.
3 B gAMA, "Z2rE"E FUA &ER
e orE mEed, FAFeEE o FHiAke
A AANEE VIEeR ARGEE) fAAE,
DNA-9|E RNA F&E2o] g 2% #9, A
ANA, A A 2 79 S& E=23dhs, sk
ool frrAte] MAE Alddte JleE e A

Ae stk oleld TewEE 1o ANAE

e

Fﬁ
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el A A AR AR e TATA
waEad DA AAFED) 20 WA 230 SOl 2A),
CAAT vr2~(F7d AA WA F-919k Blwste] ek -75
Aol 2A), 593, AL oA QA 5 EF3ICH
AHE 753 ZEREHE 7 d4" AdHE 19
FAAE FLANE F e ZEEHIHA 7493

TZHE(R AEH ZAGA AAHozr IS
Sl e vE) fEY DR 4 A5
wgste] B fAAY B FEse ZEuy
wE B4 wd AY4 ER 2AoM Sojzom
HES FEshe Z2EEH) BF AMSE § QUth AR
Fed 744 ZERE  gEdd  d2&
FEeHY Aoz upo]#H(CaMV:  cauliflower

mosaic virus)2] 35S RNA F3Ae] Z2RHE &
R, 2 Hel fHlHAR(ubiquitn) AIE Y
3 2 TE|(Christensen et al., 1992, Plant Mol. Biol. 18,
675-689; EP0342926; Cornejo et al, 1993, Plant Mol
Biol. 23, 567-581), ¥ N®lZZWE|(Zhang et al. 1991,
The Plant Cell 3, 1155-1165) 5 & 4 Utk AR
b R4 ZERE 4EE g ol o3|
AslE = 2R WEREHoUR TERHMett S,
Proc. Natl. Acad. Sci, US.A. 90:4567, 1993), |3

HAdEzom = o3 EAstEE m2-1 2 22
X2 2E|(Hershey &, Plant Mol. Biol., 17:679, 1991),
FFIAIAEEF = 3] FHH= GRE =4

#1E(Schena 5, Proc. Natl. Acad. Sci., U.S.A., 88:10421,
1991), ©l&+e %HA ZTZWE|(Caddick 5, Nature
Biotech., 16:177, 1998), BEEZ2 H|-XXAFHO|E
7+ 2 54 2}A(ssRUBISCO) o] & A EFUE A frefst
33 244 TERE|(Coruzzi 5, EMBO 1., 3:1671, 1984;
Broglie 5, Science, 224:838, 1984), hw-¥ AlELA]
ZZRE(Velten 5, EMBO I, 3:2723, 1984), =2¢
ZEFA(NOS) ZZEE], SEF 2IEHA|(0CS) TZRH,
d FAZZTE(Gurley 5, Mol. Cell. Biol, 6:559,
1986; Severin 5, Plant Mol. Biol, 15:827, 1990) ®

SFH H(gluteling ZEZFH, F & (ectin)
Z2 W], W5 2 YH(napin) TERH & E F
AT

A 24 AEL poly(A) #H7F AlZE(polyadenylation
signa) 2 AHgEE AEEAM A 9E24 o
AEAE ®o7] A Aot AEE & e AA
T2 ME d2= =ZY ZAlElobA|(NOS) F-7Ake]
AAL T2 AE, W a-oldEtolAl RAmyl A4 A

A T2 MG, olazdEtH<
S EIRI(Octopine) F-AF] AAL
£ @d 179 AASZE A, 2 fHIFE
TRk A T2 AL, B SFHY A28 AL
A AL, W HHIE Hilol=2AUAl izt
;(/\]_%7& /\1&1 E__O‘_‘:_/\ 11;1r
7] AREEE A v AAE 238 4 Ao
A fAAE aHE o faAE
Ko Aede dde Assdl s @de
S fAdE oEan we guAs
24 U4 SAAY & AT Az A
FAAY FE AT AR AW AGAR A2
oflicdl dolrluAle]  §3A, TalEeEdelE
ggetAle] §#8x;, dlo]1Enjo]AlB- TAZEUA-
Sebilel faA, BEE sAe] a, Al
Fohd mazelnUERsAAY FAA, EaH-
e o R §34 5 .
2 AN, 47 Eadseld s SaAt
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ojmjsin, 1 PGl A" WA ddglel 1
gef FHAAE w5 HAEA, °d Adple &S5
Az AE U2 =YdHY Axe Alsel T3
AL oudt. 714 g Al 54
TRt olFA  FHAF  EFEEH, "4
ARG 5 f7A 2 29 TS V=T
Wl FEAE o, roleAd fAAd Aol
FAHSAHE fFIAdNAE EAA G FAAE
cins A Ea kol P e B o B o R i P
AzodAle 548 FAANAT Erte AzdAMs
olF FAAIE doh

3, gAY AR dee ARSI S
gAl sA"E e AR Sled, A
a2 & /\}%ff} HAHAJ] w4 AE A

B

s w7 FEAS B, AFAA Y FEHS U,
Woleizs Wl BAAH B, PEE Al A

B 5L AST & AT wH 54 AA0 A3

PES Heste] 8T 5 Y, o
FAABAAE  pEe MFES US
6,140,553, E&(Fromm et al, 1990, Bio/Technology 8,
833-839), ¥ (Gordon-Kamm et al, 1990, The Plant Cell
2, 603-618) ol /A WEHES AT £ glon,
HE FAABAI] AR
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WHH-S E¢(Shimamoto et
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al, 1989, Nature 338, 274-276), w3 (Datta et al 1990,
Bio/Technology 8, 736-740), =AI53] WO 92/09696,
TAES WO 94000977, =AIES WO 9506722 5
AAE S AHE ¢ AT E ErtEY g2
PAHZo| JojME= EH(An G. et al, 1986, Plant
Physiol. 81: 301-305), =% (Horsch R.B. et al, 1988, In:
Plant Molecular Biology Manual A5, Dordrecht,
Netherlands, Kluwer Academic Publishers, pp 1-9),
3 (KoornneefM. et al, 1986, In: Nevins DJ. and RA.
Jones, eds. Tomato Biotechnology, New York, NY, USA,
Alan R. Liss, Inc. pp 169-178) ol 71X HHE
A& 4 Sl

dukzioz AE ARG 5ol
AgEE Zo],  FAAERE  olaRdHERoRE
FAEA, 2E T4 58 ZEA7= etk

olgig ofam¥tHEe] wiZlE FAAS WS
FAle] & FAFH] 9lom(Chilton T, 1977, Cell
11:2263271; +HE3 EP 0116718 W=53 US
4940,838), 5A AEA A PHE BAA
A ek AHdd Fstol] disixE m=5E US
5,159,135, Fll disixle W53 US 5824877,
Sl dsixe v=53 US 5591616 5 =
Ak olaEutEEE Wil FEAHE EHe
Ti-EFet2m =g ol§shestl, o EEfxm|Eoe
T-DNAE 4= Az AFoez FHANE F s
2% Al (border) A Eo] EgHE Zlolt}

g, A7 (b AE WAe FEHSE AHEAE
WS- AHANA, Ao F3F A Y A= A9
A @AY Y AR 5E& B SUe=
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BEE Aol oME  ABAC mstel e
S4e ga,

A @) WAL FAFHeR SuE 4 gled,
AT FAFHA Pl WAL 47 B wyel
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FRANL 4+ dE 2A AL BF A
AR EE TPAL FYNAL (b)) 2 THAEE
AEAo] FAABIE WAS T3}

=R o

i)
(ol ng{h":
r1
%“ o oR
8o
o

oA, A7 AEAE HEHT 2
o|Fojx  ATPGS iz
dzgste FAAL 53 AMEHE 19 drA4E

Bodm Y
ox
o
N
rr
oflt
i
™
rit

>
it
2l
o
£

2 2o gloidl, ® wHe )

o E4e 2E 4EAY A
|, AW 19 9rIAEe 2
A9ME 19 FIALS AT AL

A Fo) E4E e 93

o
Mo
o

2
ne
2
™

> ot o oo
>
N
:i
i
gl
i

jud
=
=2
rd
st
N
o
2oz

ZHof JojA, 7] AEAlE AEE 29
ATPGS  ©¥iZ&
19 @7ME<
PEHF o 2N

rx oo

(o3
o
ST o "< T =P A > R o [ P 0

o= W He
eI )
ol
ol
rr
o
=
=
A
ok
>
e

oX,
olN
=
A
oX,
o Mo
P
rir
ot
)
>
> ru{?
o
)

zEdz A HBAL Az Pl olstel Qo
Az 19 @NLE e F %
19 @AEn fAR Ad9e e SEA

P A o SAS e IEAF AEA

BY
>
t
fr
X

v g S0l QlojAl, Y] AEAle MY
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3 AT S 7lse Zhe ATPGS ©d 1
s Aed Aok 37

o A S 7

o

T 2 A7 = 19 pCSEN-ATPGS Aj=x3 WE=Z
FAASE o7t T, AES Lol F 60d F<
53k o717t ARlo]th,

Con: °f7]13d) oAy F2 =T
ATS-10:  pCSEN-ATPGS A=
NW71Bd T A=

T 38 47 & 19 pCSEN-ATPGS AxF WEZ
FAASE o7 T, #lS A A F 20
FE3E o7 ATPGS FAAe] EE oS
qRT-PCRES 3t EA% A3E Yepd Hlolth

EEER FRLE

ATPGS ox-5: pCSEN-ATPGS A|Z3 WEHZ FH73sd
N7t T, 2l
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ATPG8 ox-9: pCSEN-ATPG8 A= WEH=Z 32 zdske
N7 T, <l

ATPG8  ox-10:  pCSEN-ATPGS
FAAEE W71 T, 2l

5 4= oI oREY v A= 7]HelA
ATPG8 +73Ae] #d  d4ES qRT-PCRE 5314
A% AFE YeRd Zlo|th

S: seedling, R: root, Ar: arial region, GL: green leaf, YL:

Az wHz

yellow leaf, St: stem, F: inflorescence organ

T 55 A7 = 19 pCSEN-ATPGS A=z HEH=Z
FAASE 71 T, eidle ol & 5093 70Y
S ST 7)1 Abxlo)tt,

Con: °§718) op¥E =2 thz7

ATPGS ox-5: pCSEN-ATPGS Az HE 2 A3
N7 T, &<l

ATPGS8 ox-9: pCSEN-ATPGS A3 WEZ FHAss
o} 71t T, 242l

ATPGS  ox-10:  pCSEN-ATPGS
FAASE N7 T, 21

T 62 A AR T RYRE 7)Y oFAF(Con),
w3} A do] F=¥ WHolA ATPGS ox-5, ATPGS ox-9,
T8]3 ATPGS ox-102] 3-4¥ F<¥(rosette leaf)= W
4dnit} 409744 Ao FHYHS #EF 1o\t

T 72 A AR T RYFEE 7)Y oFAF(Con),
w3 Ado] f=g WHolA ATPGS ox-5, ATPGS ox-9,
18]3L ATPGS ox-102] 3-41 <i(rosette leaf)S v
4dmith 409744 o] HEA TS ARG
A==

82 A AR T RYRE 71 oFAF(Con),
w3} Aol f=H WOlA ATPGS ox-5, ATPGS ox-9,
%3 ATPGS ox-102] 3-4¥ FH¥(rosette leal)= Wi
4dnitt 409714 Qo] FPH E&S FvFmE AR
A==

T o A9 AKX T 12¢FE 7IZH R E(Con),
w3} A o] F=H WHolA ATPGS ox-5, ATPGS ox-9,
18]aL ATPGS ox-102] 3-41 Z<(rosette leaf)S v
4dmitt 40d7bA] Qo w3t wiA fFAAke] wE
FdE qQRT-PCRS T3t #AS ZA4E Yepd
ZolH, ACTS PCR 4K UERTFE  AE3IGT
CAB2E §54 ab AF ©ild fxdxtolal, SEN4 4
SAGI2E =3} frAAEA, =3} np7] st

T 102 dop 3 2194 o713 oY E(Con), w3}
Ado]l fxd WolAl ATPGS ox-5, ATPGS ox-9,

Az HEHEZ

JE)3l ATPGS ox-109] 3491 FHE  detachd}]
HHE  FAS W 2dmink YA Y9
Y-S FES ot

T 11 ol 3 2194 of71Z ok ¥ (Con), =3}
Ado] = WolA| ATPGS ox-5, ATPGS ox-9,
O8]al ATPGS ox-109] 349 FHEES  detachstH
WSHE FASI w 2dnit 2Y7EA] Yo dEL

T 12¢ ol 3 2197 o7 ok (Con), =3}
Aol f=% WOlA ATPGS ox-5, ATPGS ox-9,
I ATPGS ox-109] 3-41¥ detach&}]
VRIS frAlsted v 29vieh 129744 o] B33
2 Fv/FmE XA Jdo|th

13 ol 3 2194 o714t ok F(Con), *3}

zlod o
H=

Aol H5H WHolA ATPGS ox-5, ATPGS ox-9,
83 ATPGS ox-109) 34 FHYFS  detachd}od
IS A W) 2¥uith 2Y7FA] Yo w3}

A Ak B S qRT-PCRS 53l #4913
A#E Yehd Zold, ACTS PCR ¥4 URT=E
ARBIATE. CAB2, SEN4, 183l SAGI2E w3} mH
frxiztolth,

T 4 ol & 309A  cfr1Rd
2 7(Con)t =3} A o] =% WolA 4TPGS ox-5,
ATPGS ox-9, 18]l ATPGS ox-10% 16¥ 5<% 7He<
Agsta, I Bt dojd A& xdFH WsE
TG a9tk

T 152 ol & 3094 i1
) ZF(Con)2t =3} A o] X% WOlA ATPGS ox-5,
ATPGS ox-9, T18]3l ATPGS ox-10& 16¥ B 7HEe
Agsta, I Bkl dojd AEe o FA WsE
SAIG 2otk

T 162 ol & 259A ef7|Ad
o Z7(Con)®t =3t A o] =% WolA A4TPGS ox-5,
ATPGS ox-9, T18]3l ATPGS ox-109] 3-4¥ =&
detachdle] 693 HO,E Ad o FHAY Ws
A% 9ol

T 172 ol & 259A efrRd
=7 (Con) 2t =3} A|Ho] =% HWOlA| ATPGS ox-5,
ATPGS ox-9, Z1E]al ATPGS ox-109] 3-4¥ FHAS
detachate] 6¥ZF H,0,5 A2 o] 54 FF
W3S =AIS g0t

T 182 ol & 259A efr|Ad
2T (Con)¢t =3} A ¢lo] F=H WolAl ATPGS ox-5,

bY e

Py Fe

Py Fe

o
et

bHY e

Py Fe
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ATPG8 ox-9, 18|32 ATPGS ox-109] 3-4¥ HIS
detachdle] 6¥3F H0,E A o JH &8
W32 FyFmZ =48 13o|th

(Es AAsh] A FA4 We]

o3} £ wWHel ANE Fxste] Ayl e
£ ool Welh olg@ Aol @AHE AL
ohct.

AN 1> AAZUERRE B w5 A

1S Z31 ® APE FU JeS Ze= ATPGS
Az £

A& w3 Ad 7F 9 A S 1S e
ATPGS FRAAE W71t 25E Eeshr] 9t
ot 22 HAH S s

<A 1-1> cf7]dde] Aul 2 ek

f71g e EFe B2 EANA AisiAY, 2%
A ZZ(sucrose, pH 5.7)2F 0.8% ©}7Kagar)7} g9
MS(Murashige and Skoog salts, Sigma, USA) ®JA|E
HEZ oA sttt sHEelA A
22T 2504 168A7F By F7|12 28+
} 28 7](growth chamber)U]oll A A ulls}5A Tt

<A Ao 12> RNA FZ3 cDNA golH# g Ax
718t DNA EolBgEE ¥E7] A oY
23l gAY o)A HA 71F 2 ZHE] RNasey Plant
Mini Kit (QIAGEN, Germany)S A}83t9] RNAZS
FE319a, F29 A RNAZHE  Superscript 111
Reverse Tanscriptase (INVITROGEN, USA)S ©]|£3}o]
cDNAE /g3t

<A 13> A =3 A 75 P MY F
71%5S Zhe ATPGS F3AHEE

o 717 th <] DNA A3t T
oHil 2(DNA-binding protein-related, GeneBank accession
191646.1)°]  E71M LS 7IRE 5t
AEHE 308 FAFHL AFEL Bgre] Ado]
xohe A Zelo|H(Bgll/AT3G60870  SOE-F,
5-AGA TCT ATG GAT GAG GTA TCT CGT TCT CA
el AEWE 42 FAEHIT ATFEL Xpalo] A Do)
Z3E AW Zoho|H(Xbal/AT3G60870  SOE-R,
5-TCT AGA TTA GAA AGA CGG TCG TTG CGT
TC3)E TSI 7] F ZeolHE ARSI
7] <A 12>00A4 AzE o)7]4T] cDNAZFE]
olg3te] A

rir rlo

oz & ol

o

=

r
re

number NP

PCR(polymerase  chain  reaction)<
cDNAE S35t Eestiih

471 Eel" DNAS B4 Ad, <F 284 kDao

= Zke 2605709 ofn|Abs YEdlEl= 798bp
719l AL #E EORF)S 7HAA 9ow, 1 79
AE(exon) 02 FAE A5S FRASHHAIL, AT-hook
ErdlE 7HA AL 9lo] o]F ATPGS(AT-hook protein of
Genomine 8)Z WH3IATE 7] FHAE 43 3eh=
ATPG8 T Eo] 57X (isoelectric  point)> 811
UEePTHOl8E A= oY AE AS-3te] "ATPGS"
Z& "4TPGS FAAE} dlal, ©hiE S "ATPGS" &&
"ATPG8 TH#idro|etal g},

fu

<AANd 2> ATPGS SAAY oid Alx FAA
(constructy’t E=E FFAE o)71Fde] Az
=3kot A Fdd @ 54 £4

<A 2-1> ATPGS SRAA] Wist M2 FAA}

3
AZ7E A& =3t AA 75 2 ANME F
715E ZeAE skl Slste] ATPGS FAATY
. =908 FHAS oA E Alxsto
1e-s WA AT
MEus 38 FAEIT AFEL Bl ALol
2o A xeoln] gl AT 408 RAEIL
ASPEL Xpalo] MEo]l TE GwF Zdo|HE
o]-g3ste] ofr|FAthe] cDNAZFE PCRE ©]&35}o]
ATPGS ¢DNAE F%3I3th 7] DNAE Adas
BgllI®} Xbal2.Z Asli, §54 ZZ T E(inducible
promoter)?! SEN1 Z2RE9 2L We2 23
pCSEN HEol] Al Wgow Fa2Yst ATPGS
AR gk Al FAAQ] pCSEN-ATPGS A =%
HEE AZstET. 7] SENI ZEREE AE9
Az gl wel dEEe R g Solds
H, & 12 pCSEN M ATPGS A7} Al
o2 T pCSEN-ATPGS AZF WEIS TA|3
g S 194 BART HR:EF A|zAC] i
3} 2 ZK(phosphinothricin

C=Z
T

o
o ©

S

4= H9%= B4R
acetyltransferase 711713, RBe
74 Al(Right Border), LB¥= %73 7(Left Border), P35S+
CaMV 358 ZEZHE, 35S-AE CaMV 355 RNA polyA,
PSENS  SEN] ZERE, NosA: »3d A
7 ZHnopaline synthase gene)2] polyAS 7171t

’$7] pCSEN-ATPGS A|Z3 HWEHE ofa=utHew
T 5hA| <l 2x(Agrobacterium

gene)E

tumefaciens)
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A E Z ¥ gl o] A(electroporation) = o] g3}
SAATE FHAHEE olaEubEeE s wdds
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Freezing temperatures control where and when plants can grow, and negatively influence crop quality
and productivity. To identify key regulatory genes involved in cold adapration, we screened activation-
tagged Arabidopsis lines for mutants with greater freezing tolerance. One mutant, freezing rolerant linel
(ftl1-1D), manifested enhanced tolerance along with dwarfism and delayed flowering. This was caused
by activation of DWARF AND DELAYED FLOWERING 1 (DDF1), a gene previously described as a regu-
latory component in salinity signaling. The induced gene encoded an AP2 transcription factor of the
CBF/DREB1 subfamily. In addition to conferring tolerance to low temperatures and salt stress, ftl1-1D/ddf1
improved tolerance to drought and heat. Real-time PCR indicated that FTL1/DDF1 was up-regulated by
those four types of stresses in wild-type Arabidopsis. Its increased expression in the mutant induced
various stress-responsive genes under normal growing conditions, resulting in improved tolerances.
However, phenotypes shown in the ftl1-1D/ddfI were restored by treatment with exogenous gibberellin
(GAs), indicating the involvement of a GA pathway in FTL1/DDFI-mediated tolerance. Therefore, we con-
clude that FTL1/DDF1 plays a role in regulating responses to several abiotic stresses, perhaps via cross-talk
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Arabidopsis thaliana

FTL1/DDF1

in the pathways.
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1. Introduction

During a typical life cycle, sessile plants undergo environmental
stresses, such as low or high temperatures, increased salinity, or
long-term water deficiencies. To survive adverse conditions, plants
employ strategies that trigger a cascade of events that alter gene
expression and lead to biochemical and physiological changes [1].

The molecular responses to cold, heat, drought, and salt have
been evaluated by monitoring genes with enhanced expression
in plants under environmental stress [2]. Large-scale transcrip-
tome profiling has been especially valuable in allowing for the
identification of several signaling pathways that lead from stim-
ulus to end response. Those studies have revealed a genetic
regulatory network that underlies plant adaptations to adverse
conditions [3,4]. Although some signaling pathways are active in
stress-specific responses, others show extensive cross-talk at var-

* Corresponding author at: Department of Science Education, Jeju National Uni-
versity, Jeju, 690-756, Republic of Korea. Tel.: +82 64 754 3288;
fax: +82 64 725 4902.
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ious steps, and may overlap among pathways [5]. These global
expression analyses have also uncovered hundreds of genes encod-
ing transcription factors that are differentially expressed under
environmental stresses, thus implying that various transcriptional
regulatory mechanisms are involved [6]. Those stress-inducible
factors include members of families for the C-repeat (CRT)
binding factor/dehydration-responsive element binding protein
(CBF/DREB1), the ethylene-responsive element binding factor
(ERF), zinc fingers, WRKY, MYB, the basic helix-loop-helix (bHLH),
basic-domain leucine zipper (bZIP), NAC, and the homeodomain
transcription factor [6].

Overexpression of some of these transcription factor genes
improves stress tolerance in Arabidopsis and rice, thereby demon-
strating that transcriptional regulation is an important protective
mechanism [2]. Nonetheless, the possible in vivo functions of many
associated transcription factors are unclear, and the underlying
molecular mechanisms of adaptive responses are largely unknown.
Abiotic or environmental stresses adversely affect plant growth
and seed production, and limit crop yield and quality [7,8]. Thus,
increased understanding of those controlling mechanisms has
great potential for agricultural improvements. In general, genet-
ics screening of mutants with altered phenotypes is a powerful
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approach toward identifying the key components of biological pro-
cesses. In Arabidopsis, utilization of the large collection of T-DNA
tagged lines might be a straightforward way to conduct functional
analysis of potential regulatory genes, e.g., transcription factors,
that are induced under adverse conditions. However, many of those
‘loss-of-function mutant lines' do not reveal the related pheno-
type due to genetic or functional redundancy caused by the various
pathways that lead to stress responses. Therefore, we conducted
a gain of function genetic screen for improved stress tolerance in
Arabidopsis thaliana from T-DNA activation tagging pool.

In this paper, we describe one mutant, freezing tolerant line 1
(ftt1-1D), which was initially isolated as a mutant displaying toler-
ance to cold stress. FTL1 encodes an AP transcription factor in the
CBF/DREB1 subfamily [2] and is identical to DWARF AND DELAYED
FLOWERING 1 (DDF1),a gene that has been previously identified as a
regulator of gibberellic acid (GA) biosynthesis and plant responses
to salinity stress [9,10]. Through the analysis of the fti1-1D/ddf1
mutant, we found that the FTL1/DDFI plays an important role in
regulating responses to cold, drought, and heat stresses as well,
through controlling the expression of various stress responsive
genes, which in turn promote tolerance to these stresses.

2. Materials and methods
2.1. Plant materials and growing conditions

The ‘Columbia’ ecotype (Col) as well as plants from an activation
tagging mutant of A. thaliana were grown in an environmentally
controlled room at 23 °C, under a 16-h photoperiod.

2.2. Screening of freezing-tolerant mutants

Arabidopsis plants were transformed by the floral dipping
method [11] using Agrobacterium tumefaciens ABI, which carries
the activation tagging plasmid pSKIO15 with the bar gene as a plant
selectable marker [12]. To screen for freezing tolerance, herbicide-
selected Ty plants were placed, without prior cold acclimation, in
the dark in a —5°C cold chamber. After 1h, ice chips were added to
each pot to nucleate freezing. Plants were removed after 24 h and
returned to a growth chamber at 23 “C. Potential mutants were self-
fertilized and progeny were further analyzed for co-segregation of
the cold-tolerant phenotype with the T-DNA insertion.

2.3. Plasmid rescue

To clone the flanking region of T-DNA within ftl1-1D/ddf1, 1 pg
of the genomic DNA isolated from 12-day-old fti1-1D[ddf1 plants
was digested with EcoRI. The DNA was purified through phenol
and chloroform extraction, concentrated by ethanol precipitation,
and incubated overnight with T4-DNA ligase at 16°C. Afterward, it
was precipitated with ethanol and dissolved in TE buffer (10 mM
Tris—HCI, 1mM EDTA; pH 8.0), and one-tenth of it was trans-
formed into Escherichia coli TOP10 competent cells (Invitrogen
Corp., Carlsbad, CA, USA). The transformed bacteria were selected
on Luria broth (LB) plates containing ampicillin. We utilized the
plasmid-rescue method of Weigel et al. [12] to search for the inser-
tion location of the T-DNA carrying the tetramerized CaMV 35S
enhancer element.

24. Real-time and semi-quantitative RT-PCR

Total RNAs were isolated from whole seedlings with Trizol
reagent (Invitrogen) according to the manufacturer’s instructions.
cDNAs were synthesized from 1 pg of total RNA using a reverse-
transcription system (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Real-time PCR was conducted with an

Table 1
PCR primers used in this study.
Target gene Primer name Sequence 5'-3' Size (bp)
DDF1 JK107 ATGAATAATGATGATATTATTCTGGC 26
JK108 TTAATATCTGTAACTCCACAATGAC 25
DDF1 JK109 GATGATGTGGATTTGGG GGT 24
JK110 CATCATCGTCGTTGAGACTTCTTCG 25
Atlgl2600  HG100 TACTTGCACCGATGATTCITACT 23
HG101 TAAAGATGAGTAACAATCCCGTA 23
Atigl2620  HG102 TGGTGTTTACATCATATTACCGT 23
HG103 TTACCTATACATATTTGTGCAGA 23
KIN1 JK131 GAGACCAACAAGAATGCCTTCCAAG 25
JK132 CCGCATCCGATACACTCTTTCCC 23
RABI8 JK133 GAGGGAGGAGGAAGAAGGGAATAAC 25
JK134 ACCGTAGCCACCAGCATCATATC 23
HSFBI1 JK247 TTAGCTCCGGCGAAGTATGGTCGT 24
JK248 CGCCTCTCCGGAAATAATCGTTIG 24
ELFla JK223 TTGCTCCCACAGGATTGACCACTG 24
JK224 TCACTTCGCACCCTTCTTGACG 22
COR15A JK119 CACAGCGGAGCCAAGCAGAG 20
JK120 GTTGAGAAACGACGACGAACTGAG 24
CORI15B JK121 GATGACCTCAACGAAGCCACAAAG 24
JK122 TTTCTCGCCATCCGCCAAGG 20
RD29A JK117 GTGCGACGGAGGAGGTGAAG 20
JK118 GGAACAACAGTGGAGCCAAGTG 22
HSF3 JK271 AAGGTGCTCTTGCCCAAGTATTTCA 25
JK272 CTGCACATGCGAAGG CTCC 23
GAl JK171 CAAGACAAGGTCATGTCGGAGGTT 24
JK172 TCAACGTTTCATGACGCTCAACTC 24
RGA JK173 AGATCATCACCAATTCCAAGGTCG 24
JK174 GAAGCTCGTCGTCCATGTTACCTC 24
RGL1 JK175 TTTTACGGCGAATCAAGCGATACT 24
JK176 GGTGGACCATTAGGACGTAAAGCA 24
RGL2 JK177 CGGAGAATTCAGATTCGCTTCAAC 24
JK178 CAAGATCCGATAAACTCTCAGCGG 24
RGL3 JK179 CGATCTGAGACCAATCACAGACGA 24
JK180 ATAAGCACCACGGAACCAGTTGAC 24

Opticon-mini system (Bio-Rad) and SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA). Semi-quantitative RT-
PCR was basically performed with the methods presented by Jung
etal.[13]. The optimum cycle number for semi-quantitative RT-PCR
conditions was established for each primer set and serial dilutions
were used to enable linear amplification. The primers used here
were listed in Table 1.

2.5. Assays for freezing, drought, and heat tolerances

For the whole-plant freezing assay, 4-week-old plants were
grown in soil, with or without cold acclimation, for4 d at4 °C under
cool white light. They were then frozen for 24h at 0 to —12°C.
Survival was scored after 4 d of recovery under 23 °C growing con-
ditions. To evaluate the effect of drought stress, plants were grown
for 4 weeks with regular watering, after which irrigation was with-
held for 14 d. To measure for water loss, the aerial parts of plants
grown in soil for 4 weeks were cut and weighed. These tissues were
placed on filter paper in a growth room, abaxial surface uppermost,
for dehydration, and were weighed at regular intervals. Water loss
was estimated as the percentage of additional weight lost relative
to the initial fresh weight [ 14]. For thermotolerance assays, 12-day-
old seedlings grown in plates were placed for 60 min in the dark in
a chamber adjusted to 60 °C, then returned to normal growing con-
ditions. After 4 d of recovery, their survival rates were scored. For
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Fig. 1. Phenotype and molecular analysis of fti1-1D mutant. (A) Effects of cold stress. WT (left) and ftli-1D (right) were grown in soil for 4 weeks and incubated for 24 h in
—57C chamber. Photograph was taken on Day 4 after return to normal growing conditions. (B) Four-week-old WT (left) and ft/1- 1D (right) under standard growth. (C) Putative
genes around T-DNA insertion site in genome of fti{-1D. T-DNA was inserted between DDF! and Atl g12620. (D) Expression analysis of DDFI, Atl g12600, and At1g12620, three

genes located within about 10 kb from the 35S enhancer in ft/1-1D by RT-PCR.

quantifying electrolyte leakage, 10-day-old plants grown on 1/2 MS
plates were incubated at 45 °C. Afterward, 6 ml of distilled water
was added to each tube and the samples were gently shaken for
1h[15]. Conductivity of the resulting solution was measured with
a CM-21P EC Meter (Analyticon, Springfield, NJ, USA). The value for
100% leakage was obtained by freezing each sample at —80°C for
1 h and re-extracting with the original solution.

2.6. Stress induction for gene expression analysis

Arabidopsis plants were grown on 1/2 MS media at 23°C for
2 weeks and were used in stress treatments. For cold treatment,
plants grown on 1/2 MS media were incubated at 4°C under con-
tinuous light for 0, 2, 4, 8, or 24 h. For drought treatment, plants
were harvested from 1/2 MS agar plates and then were dehydrated
on Whatman 3MM paper at 23 “Cand 60% humidity under dim light.
For heat treatment, 12-day-old plants grown on 1/2 MS media were
incubated at 45°C and 90% relative humidity to minimize suscep-
tibility to drought. Salt stress was induced by exposing plants to
250 mM NaC(l, as reported by Magome et al. [9].

3. Results

3.1. Isolation of ftl1-1D, an enhanced freezing-tolerance line,
from an Arabidopsis activation tagging pool

To identify key regulatory genes involved in freezing tolerance,
we screened an Arabidopsis activation tagging pool that was gener-
ated with the pSKI015 vector [12]. From about 8000 Ty plants, we
selected a line exhibiting obvious tolerance against chilling stress
(=5°C) in the absence of cold acclimation. This was designated as
freezing tolerance 1-1D (ftl1-1D) (Fig. 1A). Segregation in the T2 gen-
eration implied that this tolerant phenotype is due to a dominant
mutation caused by gene activation, resulting in a 3.1:1 (246:79)
ratio of the ftl1- 1D phenotype to the wild type. Resistance to basta
herbicide was also entirely consistent with this finding. In addition

to freezing tolerance, theft/1-1D mutant exhibited phenotypes such
as dark-green leaves, dwarfism, and late flowering (Fig. 1B).

3.2. The ftl1-D is caused by overexpression of DWARF and
DELAYED FLOWERING 1 (DDFT)

The insertion location of the T-DNA carrying the tetramerized
CaMV 35S enhancer element was sought to investigate a gain-of-
function gene affecting the increased freezing tolerance of ftl1-1D.
Comparison of the sequence for genomic DNA flanking the T-DNA
with genomic sequences from Arabidopsis revealed three predicted
open reading frames - Arlgl2610, At1gl12600, and Arlgl2620 -
withinabout 10 kb to the right and left of the 35S enhancer (Fig. 1C).
The closest predicted ORF (Atlgl2610) encodes an AP transcrip-
tion factor in the CBF/DREB1 subfamily. Its expression was highly
up-regulated in ft/1-1D mutants (Fig. 1D). However, transcription
of Atlgl2600, encoding a putative UDP-galactose transporter, was
only slightly increased while that of At1g12620, encoding a penta-
tricopeptide (PPR) repeat-containing protein, was not influenced
by the 35S enhancers (Fig. 1D). The FTL1 gene is identical to dwaif
and delayed flowering (DDF1), which has previously been identi-
fied from an activation tagging line, ddf1-D, that exhibits dwarfism,
dark-greenfoliage, delayed flowering, and tolerance to high salinity
[9]. To prove that the freezing tolerance observed in our ft/1-1D/ddf1
was caused by activation of FTLI/DDF, we used pCAMBIA to gener-
ate transgenic lines in which the full length of FTL1 was expressed
under the control of the 355 CaMV promoter. Independent trans-
genic lines had increased freezing tolerance, dwarfism, and later
flowering. These results demonstrated that the ftl1-D mutation is
caused by overexpression of FILI/DDFI.

3.3. Freezing tolerance by ftl1-1D/ddf1 is increased by cold
acclimation but suppressed by GA

Freezing tolerance was examined in detail by monitoring the
responses of 4-weel-old ftl1-1D before or after cold acclimation
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Fig. 2. Characterization of freezing-tolerant ft{I-1D/ddf! plants. (A, B) Survival with-
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exposed for 24 h to a gradient of 0 to —12°C, by 2 *Cintervals, then returned to nor-
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was applied (4°C,4d).'Columbia’ wild-type (WT)and ftl1-1D plants
were exposed for 24 h to freezing temperatures (0 to —12°C) and
survival was scored after 4 d of recovery under controlled growing
conditions. Tolerance was much greater in the leaves from non-
acclimated ftl1-D than in WT tissues (Fig. 2A). When plants were
exposed to —6°C, the non-acclimated WT did not survive compared
with a survival rate of 73% for ftl1-1D/ddf1. When cold-acclimated
plants were tested, freezing tolerance was greatly enhanced in both
WT and ftl1-1D/ddf1. After cold acclimation, tolerance at —6°C was
enhanced by up to 100% in ftl1-1D plants versus a WT survival rate
of 60% (Fig. 2B).

Magome et al. [9] have reported that, although ddfI1-D is a GA-
deficient mutant, application of GAs rescues the ddfl phenotype of
dwarfism, delayed flowering, and salt-stress tolerance, thus indi-
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Fig. 3. Response of ft!1-1D/ddf1 to drought. (A-D) Each panel shows WT (left) and
[ftl1-1D/ddf1 (right) plants grown without (A, B) or with (C, D) GA treatment. Plants
had first been grown for 4 weeks with watering (A, C), then maintained without
watering for additional 12 d (B, D). (E) Water-loss assay of ft{1-1D/ddf1 (n=24). Error
bars represent SEM.

cating the involvement of GA-signaling in the plant response to
DDFI1-induced salt stress. To examine whether gibberellin also acts
in DDF1-induced freezing tolerance, we investigated the responses
of fti1-1D/ddfl. The originally enhanced tolerance in the mutant
was suppressed when plants were sprayed weekly with 10—4M
GA; (Fig. 2C). When exposed to —8°C, 20% of ftl1-1D/ddf1 plants
grown in soil without exogenous GAg survived compared with 0%
of those treated with GA3. However, treated mutant plants were
much more tolerant to freezing than were WT plants that did not
receive GAs, indicating that this enhanced tolerance by ftl1-D1/ddf1
is partially repressed by that hormone (Fig. 2C). Consistent with this
pattern for freezing tolerance, both dwarfism and delayed flower-
ing by ftl1-1D/ddfl were restored when plants were sprayed with
GAg3, an observation similar to that reported by Magome et al. [9].

3.4. ftl1-1D/ddf1 plants display tolerance to drought and heat
stresses

We further evaluated whether ft/1-1D/ddf1 may confer greater
tolerance to drought or heat. WT and mutant plants were grown
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Fig. 4. Response of fti!-1D/ddf] to heat. (A-D) Each panel shows WT (left) and fill-1D/ddf1 (right) plants grown without (A, B) or with (C, D) CA treatment. Plants had first
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Survival of WT and ft1-1D/ddf] seedlings (n=24). Error bars represent SEM. (]) Electrolyte leakage assay of WT and ft/1-1D/ddfI (n=24). Error bars represent SEM.

normally for four weeks, after which irrigation was stopped. Those
of the WT withered completely after 12 d without water while
the ftl1-1D}ddf1 plants continued to thrive (Fig. 3B). GA3 treatment
accelerated withering of WT and, to a lesser extent, of ftl1-1D/ddf1
plants (Fig. 3D). Drought tolerance was also evaluated by assaying
for water loss. Plants of fti1-1D/ddf1 lost less water than did the WT
under our experimental conditions but exogenous GA3 accelerated
waterloss in both genotypes (Fig. 3E). At 60 min post-treatment, the
ftl1-1D/ddfT plants showed a 50% loss compared with 65% for the
WT. When GA3 was applied, water losses for ftl1-1D/ddf1 and WT
plants were 60% and 70%, respectively. These results demonstrate
that GA suppresses drought tolerance in ftlI-1D/ddf1.

We also investigated whether ftl1-1D/ddf1 enhances tolerance
to high temperatures. To avoid imposing drought stress during
those heat treatments, experiments were performed under 90%
humidity. WT and ftl1-1D/ddf! plants grown for 4 weeks in soil
with or without exogenous GAz were incubated for 12 h at 60°C.
They were then returned to standard growing conditions. WT
plants did not survive during the recovery period while those of
ftl1-1D/ddfl were revived, although with severe damage (Fig. 4A
and B). GAs-treated ftil-1D[ddfl plants did not recover (Fig. 4C
and D), demonstrating that exogenous gibberellin suppressed their
heat tolerance. We also evaluated the in vitro response of ftil-
1D/ddf1 to such stress, using 10-day-old seedlings grown in an
MS medium. Survival was higher for these mutants than for the
WT (Fig. 4E-1). The rate for WT seedlings was only 16% after
20 min at 45°C compared with 100% survival for the ftl1-1D/ddf1

(Fig. 4l). Results from our electrolyte assay also demonstrated
that the ftl1-1D/ddfl mutant incurred relatively less damage than
did the WT (Fig. 4]). That difference in ion leakage was most
critical at approximately 150 min after heat treatment, with per-
centages of 79.4% and 35.7% for WT and ftl1-1D/ddf1, respectively
(Fig. 4]).

3.5. FIL1/DDF1 is up-regulated by cold, drought, and heat

FTL1/DDF1 is induced strongly by high salinity [9,16]. Here, we
used real-time RT PCR to monitor the accumulation of FTLI/DDFI
mRNA along a time course for cold, drought, or heat stresses.
All three led to elevated expression of FTL1/DDFI, although tran-
script patterns differed (Fig. 5). Under cold stress, FTL1/DDFI mRNA
increased 7-fold at 4 h after the treatment before decreasing grad-
ually by the time the treatment ended after 24 h (Fig. 5A). During
the drought-stress period, expression rapidly increased (150-fold)
by Hour 2, where it remained constant to Hour 8 before rising 200-
fold by Hour 24 (Fig. 5B). Heat stress caused expression to increase
by 7-fold after 4 h, where it remained at a constant level through
the end of the experimental period (Fig. 5C). Although cold stress
was associated with a somewhat transient pattern of induction for
FTL1/DDF1 mRNA (Fig. 5A), expression was maintained at a constant
level following both drought and heat treatments (Fig. 5B and C).
ELFla [1] served as internal control. KIN1, RAB18, and HSFBI were
used as stress markers in each experiment.
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Fig. 5. Expression analyses of FTL1/DDF1 under different abiotic stresses by real-time RT-PCR. Treatment with (A) cold, (B) drought, (C) heat, or (D) salt. The primer sequences
for amplifying ELFle, KIN1, RAB18, and HSFB1 are listed in Table 1. Values show quantities relative to that of hour 0 sample, which was set to ‘1",

3.6. Expression of genes that may be related to the functioning of
CBF/DREBI1s in ftl1-1D/ddf1

Among AP2 transcription factors [9], FTL1/DDF1 belongs to
the subfamily of CBF/DREB1, members of which are known to
control the expression of stress-response genes and thus confer
improved tolerance when over-expressed [15,17-19]. We have
examined the expression of target genes for CBF/DREB1 transcrip-
tion factors, such as COLD-REGULATED 15A (CORI5A), RESPONSIVE
TO DESSICATION 29A (RDZ29A), RESPONSIVE TO ABA 18 (RAB1S),
KINT and COLD-REGUIATED 15B (CORI5B) [10], and a heat shock
transcription factor, HSF3 [20,21], in ftll-1D/ddf! plants. Here,
all were up-regulated in those plants even without any abiotic
stress (Fig. 6A). These results showed that overexpression of the
FTL1/DDF1 induced those stress-response genes and increased the
tolerance of Arabidopsis plants to cold, drought, salt, and heat.
The DELLA proteins, which act as repressors in GA signaling, have
been postulated as candidates for a putative integrator of growth
and stress [1,10]. Magome et al. [10] have proposed a model that
shows RGL3 as contributing to the accumulation of DELLA pro-
teins. This hypothesis is based on the fact that RGL3, one of five
DELLA genes (also RGA, GAI, RGL1, and RGL2) is up-regulated in
plants that over-express DDF1. Using real-time quantitative PCR
to investigate the expression of those five DELLA genes in WT
and ftl-1D/ddf1 plants, we found that only RGL3 was up-regulated
whereas GAI, RGL1, and RGL2 were down-regulated and RGA was
unchanged or increased only slightly (Fig. 6B). Therefore, we sug-
gest that those DELLA genes are regulated differently for stress
adaptation.

4. Discussion

Chilling or freezing temperatures can severely impair plant
growth and development, adversely affecting their quality and
productivity. To develop cold-tolerant crops, it is important to
understand the molecular regulatory mechanisms by which plants
cope with such stress. In an effort to identify key regulatory genes,
we utilized an Arabidopsis activation tagging pool to screen for
plants with improved freezing tolerance. Here, the ft/T1-1D mutant
showed greatly enhanced tolerance as well as a phenotype of
dwarfism and delayed flowering, which was co-segregated at a 3:1
ratio of a single T-DNA insertion in both herbicide resistance and
phenotypic characteristics. Freezing tolerance was evident irre-
spective of cold-acclimation.

Through the determination of nucleotide sequences flanking T-
DNA and expression analysis of genes around the T-DNA insertion
site in the fti1-1D genome, we found that the phenotype of fti1-1D
might result from overexpression of DDFI (Fig. 1A and B) encoding
an AP2 transcription factor belonging to the CBF/DREB1 subfamily
[9]. DDFI is known to decrease the level of biologically active GA
by promoting the transcription of a GA-deactivating gene, GA20x7
[10]. Plants of ddfI, a gain-of-function allele of DDFI, and trans-
genic Arabidopsis overexpressing the DDF1, driven by the CaMV 35S
promoter (35S::DDF1), exhibit dwarfism, delayed flowering, and
enhanced salt tolerance. However, when exogenous GAs is applied,
those plants recover their WT-like phenotype and lose their tol-
erance to high salinity [9]. We also observed that fti1-1D plants
converted to a WT-like phenotype and were not cold-tolerant
when the same treatment was used. Our transgenic 355::DDFI
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Arabidopsis plants behaved the same way (data not shown). There-
fore, concluding that ddf1 and ftl1-1D are gain-of-function alleles
of DDFI, we designated DDFI1 and ftl1-1D as FTL1[/DDFI and ftil-
1D/ddfI, respectively. Mutant plants over-expressing FTL1/DDF1
also displayed increased tolerance to drought and heat. Their
improved stress tolerances were restored by applying exogenous
active GA, thereby indicating that all of these tolerant phenotypes
were related to a reduction in active GA.

InWT plants, FTL1/DDF1 was up-regulated by cold, drought, salt,
or heat treatment, although timing of the response differed for each.
This suggests that the gene plays an important role in plant adapta-
tions to other abiotic or environmental stresses, as well as to high
salinity [10]. Activation of FTL1/DDF1 through tagging or transfor-
mation with 355::FTL1/DDF1 increased the transcription of abiotic
stress-induced genes, including COR15A, RD29A, RAB18A, KINI, and
COR15B, which harbor a dehydration-responsive element/C-repeat
(DRE/CRT) with the core cis-acting element (A/GCCGACNT) in their
promoter regions. They are known as direct-targeting genes of
the CBF/DREB1 transcription factors. Our results are similar to
those obtained from a microarray analysis of 355::DDFI plants by
Magome et al. [10]. However, a heat stress-related function for the
CBF/DREBI family genes, including FTL1/DDFI, had not previously
been reported.

Because heat-shock genes are induced by DREB2-type genes, but
not by DREBT [19,22,23], our finding of tolerance to high tempera-
tures by ftl1-1D/ddf1 plantsis an unexpected phenotype. Moreover,
FTL1/DDF1 was up-regulated by such treatment. And HSF3 [20,21],

which isresponsible for inducing heat shock protein genes, also was
up-regulated in our frl1-1D/ddf1 plants (Fig. GA). This supports the
hypothesis that overexpression of FTL1/DDF1 affects the expression
of heat shock-related genes. DELLA proteins that modulate growth
in response to GA have received attention as integrators of endoge-
nous and environmental signals in regulating plant growth [26,27].
It has been speculated that the CBF/DREB1 subfamily genes, includ-
ing FTL1/DDF1 and CBF1/DREB1D, control abiotic-stress adaptations
by a DELLA-dependent mechanism, as well as through a DELLA-
independent pathway via their direct targeting genes, e.g., COR15A4,
RD29A, RAB18A, KIN1, and COR15B [1,10]. Magome et al. [10] have
proposed a model showing that the accumulation of DELLA proteins
is induced by RGL3. This assumption is based on the fact that RGL3
is up-regulated in plants that over-express DDFI, and that those
DELLA proteins are associated with growth retardation and stress
adaptations [1,10,24-27]. Although some genetics and molecular
biological studies have provided evidence for this type of DELLA-
protein accumulation during cold adaptation in plants [1], whether
all of them are involved in the process is not yet known. Our quan-
titative RT-PCR showed that freezing-tolerant ftl-1D/ddf! plants
over-expressing FTL1/DDF1 had apparently higher levels of RGL3
transcript but reduced levels of GAI, RGLI, and RGL2; RGA expres-
sion seemed to be unchanged. Achard et al. [1] have demonstrated
that RGA regulates the plant adaptation to cold stress at the trans-
lational, not transcriptional, level according to the cold-inducible
CBF1-dependent signaling pathway. We speculate that the differ-
ing transcriptional regulation of RGL3, GAIl, RGLI, and RGLZ may
influence their biological functioning.

In conclusion, overexpression of FIL1/DDFI in Arabidopsis plants
induces various stress-response genes and confers enhanced tol-
erance to cold, drought, heat, and salt. The phenotype mediated
by constitutive expression of FTL1/DDFI is recovered by treatment
with gibberellin, indicating that inactivation of GA plays an impor-
tant role in the process of adaptation to multiple stresses.
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Phytochromes are red (R)/far-red (FR) photoreceptors that are central to the regulation of
plant growth and development. Although it is well known that photoactivated phytochromes
are translocated into the nucleus where they interact with a variety of nuclear proteins and
ulumately regulate genome-wide transcription. the mechanisms by which these
photoreceptors function are not completely understood. In an effort to enhance our
understanding of phytochrome-mediated light signaling networks. we attempted to identify
novel proteins interacting with phytochrome B (phyB). Using affinity purification in
Arabidopsis phyB overexpressor, coupled with mass spectrometry analysis, 16 proteins that
interact with phyB in vivo were 1dentified. Interactions between phyB and six putative phyB-
interacting proteins were confirmed by bimolecular fluorescence complementation (BiFC)

analysis.
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Involvement of these proteins in phyB-mediated signaling pathways was also revealed by
physiological analysis of the mutants defective in each phyB-interacting protein. We further
characterized the athb23 mutant impaired in the Homeobox Protein 23 (ATHB23) gene. The
athb23 mutant displayed altered hypocotyl growth under R light, as well as defects in phyB-
dependent seed germination and phyB-mediated cotyledon expansion. Taken together, these
results suggest that the ATHB23 transcription factor is a novel component of the phyB-

mediated R light signaling pathway.

Introduction

Plants possess sophisticated light sensing systems that imvolve multiple photoreceptors,
namely. UV-A/blue (B) light-absorbing cryptochromes and phototropins. UV-B light-
absorbing UV RESISTANCE LOCUS 8. and red (R) and far-red (FR)-light-absorbing
phytochromes (Quail 2002, Li et al. 2011). These photoreceptors regulate diverse
photomorphogenic responses throughout the life cycle of plants, including seed germination.
seedling establishment, the development of the photosynthetic machinery, the timing of
flowering, bud dormancy, responses to neighbor competition, the allocation of resources, and
the development of reproductive/storage structures. by perceiving and integrating the
environmental light signals (Franklin and Quail 2010, Kami et al. 2010). Phytochromes,
which mainly sense R and FR light. comprise a five-member family in 4rabidopsis thaliana
designated phytochrome A (phyA) to phyE. Each phytochrome has discrete. albeit sometimes
overlapping or antagonistic photosensory and/or physiological functions in controlling various
photophysiological responses (Fruya and Schifer 1996, Bae and Choi 2008). Among the five
phytochromes, phyA and phyB have the most prominent functions: phyA acts as FR light
receptor that mediates the very-low-tfluence response and the FR light high-irradiance
response (HIR), while phvB is a photoreceptor that mediates the low-fluence response and the
R light HIR (Smith 1995. Schitfer and Bowler 2002).

Phytochromes are soluble dimeric chromoproteins consisting of approximately 120
kDalton (kDa) polypeptide subunits that carry an N-terminal photosensory domain and a C-
terminal domain: the latter functions in dimerization and contains a region with sequence
similarity to prokaryotic two-component histidine kinases (Montgomery and Lagarias 2002,
Hughes 2010). The N-terminal photosensory domain contains a covalently linked linear
tetrapyrrole chromophore (phytochromobilin) and is responsible for the unique capacity of
phytochromes to convert between R light-absorbing Pr and FR light-absorbing Pfr forms in a

photo-induced reversible manner (Lagarias and Rapoport 1980, Rockwell and Lagarias 2010).
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The action of phytochromes as light receptors primarily relies on the ability of the
biologically active Pfr forms to translocate into the nucleus in response to light and
orchestrate signaling events that selectively alter the expression of target genes (Nagatani
2004, Fankhauser and Chen 2008).

Recent molecular genetic studies have greatly improved our understanding of
phytochrome signaling, particularly the molecular components potentially involved in the
early steps of the phytochrome signaling pathway. Through unbiased screening for
phytochrome-interacting proteins and targeted protem-protein interaction studies, many
phytochrome-interacting proteins have been identified. These include a group of nuclear-
localized basic helix-loop-helix (bHLH) transcription factors referred to as phytochrome-
interacting factors (PIFs). PIFs interact directly and preferentially with the Pfr forms of phyA,
phyB. or both, and PIFs negatively regulate photomorphogenesis both in the dark and in the
light (Quail 2000, Castillon et al. 2007). Since PIF3 was identified through a yeast two-hybrid
(Y2H) screen using phyB as bait, six additional PIFs and/or PIF3-Like proteins (PILs) have
been identified (Ni et al. 1998, Khanna et al. 2004, Leivar and Quail 2011). The light-
activated Pfr forms of phytochrome interact with, rapidly phosphorylate. polyubiquitinate, and
degrade PIFs wvia the 26S proteasome-mediated pathway, thereby promoting
photomorphogenesis (Al-Sady et al. 2006, Shen et al. 2005, Bu et al. 2011). Another group of
proteins that interact with phytochromes is PHY TOCHROME KINASE SUBSTRATE (PKS)
proteins. PKS proteins regulate phytochrome-mediated developmental processes such as de-
etiolation and growth orientation of hypocotyls (Khanna et al. 2006. Kami et al. 2012). PKSI,
the founding member of the PKS proteins, was identified in an Y2H screen using phyA as bait
(Fankhauser et al. 1999). phyA interacts with PKS2 and PKS4. as well as PKSI1. and can
phosphorylate PKS1 in vitro (Lariguet et al. 2003. Schepens 2008). While PKSI is
phosphorylated by phvA., Phytochrome-Specitic Type 5 Phosphatase (PAPPS). another
phytochrome-interacting partner, can dephosphorylate phytochromes. PAPPS was also
identified by Y2H screening using phyA as bait. PAPPS mteracts with phyA and phyB. and
specifically dephosphorylates the Pfr forms of phytochrome (Ryu et al. 2005). NUCLEOSIDE
DIPHOSPHATE KINASE 2 (NDPK2) 1s a protein kinase that 1s involved m light signaling.
NDPK2. a positive regulator of phytochrome signaling. interacts preferentially with the Pfr
form of phyA. and the kinase activity of NDPK2 increases in the presence of phyA (Choi et
al. 1999). In addition. Arabidopsis Response Regulator 4 and SHORT HYPOCOTYL 2
(SHY?2/IAA3) also mteract with phytochromes and function mn integrating light and hormone

signaling during plant development (Sweere et al. 2001, Tian et al. 2003).
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To date, most of the potential phytochrome-interacting proteins have been identified
using Y2H studies. However, Y2H screens to 1solate phytochrome-interacting proteins have
limitations caused by the use of heterologous expression systems. We thus performed mass
spectrometry (MS)-based proteomic analysis of affimity purified phyB complexes in vivo to
identify proteins that interact with phyB in Arabidopsis. We identified 16 proteins that
specifically co-purified with GFP-tagged phyB. The interaction between phyB and putative
phyB-interacting proteins was further confirmed by bimolecular fluorescence
complementation (BiFC) analysis for six phyB-interacting proteins, mcluding PIF3-Like 1
(PIL1) and Homeobox Protein 23 (ATHB23). Four out of five Arabidopsis mutants of phyB-
interacting proteins displayed altered hyvpocotyl growth responses in R light. We further
focused on ATHB23. since the arhb23 mutant exhibited the greatest changes in hypocotyl
growth under R light. ATHB23 was clearly localized in the nucleus, supporting the notion that
ATHB23 functions as a transcription factor. The athb23 mutant exhibited long hypocotyl
phenotype under R light, but not under FR or B light, compared to the wild-type. Moreover,
we found that ATHB23 positively regulates phyB-dependent seed germination and mediates
cotyledon expansion. Overall, these results suggest that ATHB23. a transcription factor, is a

novel component of the phyB-mediated R light signaling pathway.

Materials and methods

Plant materials

Arabidopsis thaliana wild-type (Ler) and transgenic plants overexpressing 355::phyB::GFP
with a phvB-5 mutant background (PBG-3) (Yamaguchi et al. 1999) were used for the
isolation of phyB-interacting proteins. T-DNA insertional mutant seeds of adgl
(SALK 040155). arhb23  (SAIL 155 HO02). dbpl (SALK 144824), arlg74490
(SALK 151735), and at2g26190 (SALK 101894) were obtained from the Ohio Arabidopsis
Stock Center. All of the 4rabidopsis mutants used in this study were derived from the Col-0

ecotype.

Protein extraction from Arabidopsis seedlings

Seed from Arabidopsis wild-type (Ler) and phyB.:GFP-overexpressing PBG-5 plants were
sterilized, sown on 0.5 MS agar plates containing 1% sucrose, and grown at 22°C for 5 days
in the dark. The plates were irradiated with R light (10 wmol m™ s) for 2 hours.
Approximately 500 mg of seedlings were homogenized in liquid N>. The homogenates were

resuspended in 2 mL extraction buffer (10 mM HEPES, pH 7.5, 10% glycerol, 100 mM NaCl,
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0.2% Triton X-100, | mM EDTA, | mM DTT. 1| mM PMSE. 1x protease inhibitor). incubated

on ice for 10 nun, and centrifuged at 16 000 g for 20 min.

Affinity purification, 2-DE, and image acquisition

The supernatants were incubated with agarose beads conjugated with anti-GFP antibodies
(Santa Cruz Biotech) in the dark for 2 hours at 4°C. The beads were washed with washing
buffer (50 mM Tris-HCL, Ph 8.0, 100 mM NaCL 1 mM EDTA, 0.2% Triton X-100). After
centrifugation, the supernatant fractions and mmmunoprecipitated fractions contamming the
proteins bound to anti-GFP antibodies were collected. The total proteins of each fraction were
then directly dissolved in 10 volumes of 2-DE lysis solution (9.5 M urea, 2 M thiourea, 4%
CHAPS, 45 mM Tris base, 1% [w/v] DTT. 2% v/v carrier ampholytes, pH 3.5-10 [Amersham
Bioscience]). and the insoluble material was removed by centrifugation (11 500 g). Equal
amounts of protein (200 pg) from the unwashed bead fraction or the unbound supernatant
protein fraction were then subjected to 2-DE separation. For the buffer-washed co-
immunoprecipitant, 20 pg of protein extract was used. The extracted protein solutions were
applied by cup loading for first dimension IEF with IPG strips (24 em, pH 4-10, Genomine
DryStrip™ : Genomine Inc.) equilibrated overnight with rehydration solution (7 M urea, 2 M
thiourea, 2% CHAPS. 1% [w/v] DTT. 1% v/v carrier ampholytes. pH 3.5-10 [Amersham
Bioscience]). Second dimension electrophoresis was performed using a 10-15% gradient gel
with the Iso-Dalt system (Amersham Pharmacia Biotech). The separated spots were detected
by MALDI-TOF compatible alkaline silver staining as described (Rabilloud et al. 1998).
Image matching and analysis of the 2-DE gels was carried out using PDQUEST " software

(version 7.1. Bio-Rad) according to the manufacturer’s protocols.

Protein identification

Protein spot cleaning and in-gel digestion were performed as previously described (Fernandez
et al. 1998). Briefly. protein spots excised from 2-DE gels were destained with potassium
ferricyanide, washed, dehydrated with 50% acetonitrile. and dried in a vacuum centrifuge. Gel
slices were mcubated with modified trypsin (Promega) overnight at 37°C. The proteolytic
reaction was terminated by adding 0.5% trifluoroacetic acid. The tryptic peptides were
desalted and concentrated using CisZipTips (Millipore) or an in-house-prepared C18-
microcolumn, and the peptides were eluted in 1-5 pL of 50% acetonitrile. An aliquot of this
solution was mixed with two volumes of a saturated solution of u-cyano-4-hydroxycinnamic

acid m 50% aqueous acetonitrile, and 0.3 pL of the mixture was spotted onto a target plate.
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Peptide masses were measured by using an Ettan MATLDI-TOF Pro spectrometer (Amersham
Bioscience). MS data were collected from 300 shots at a maximum accelerating potential of
20 kV 1n positive reflectron mode. Calibrated masses were used for identification by peptide
mass fingerprinting by matching proteins in the NCBInr database using the search engine
ProFound, developed by The Rockefeller University (http://prowl.rockefeller.edu/prowl-

cgi/profound.exe/ProFound.exe?FORM=1).

Protoplast transformation and BiFC assay

Protoplasts were generated from 3-week-old Arabidopsis Col-0 leaves and transformed using
the PEG method as described by Kim et al. (2008). The BiFC assay was performed according
to Walter et al. (2004). Full-length ¢cDNA fragments for phyB and the genes encoding phyB-
interacting proteins were amplified from Arabidopsis Col-0 ¢cDNA by PCR with Taq
polymerase. PCR products were cloned into pUC-SPYNE and pUC-SPYCE, which generated
fusion proteins with the N- or C-terminal part of YFP. respectively. Interactions between
phyB-YFP® and (each phyB-interacting protein gene)-YFP" were visualized 1 day after
transfection by confocal laser scanning microscopy. Nuclei of protoplasts were visualized

with 4°.6-diamidino-2-phenylindone (DAPI) staining.

Hypocotyl elongation assays

Seeds were surface sterilized and plated onto 0.1>* MS agar without sucrose and incubated at
4°C for 3 days in the dark. followed by exposure to continuous white light (100 pmol m * s ")
for 16 hours to induce uniform germination. The plates were transferred to monochromatic
light conditions and incubated for the designated period of time at 22°C. R, FR. and B hght
were generated by light-emitting diode (LED) light sources at 470, 670. and 735 nm.
respectively (Good Feeling, Korea). White light was supplied by fluorescent lamps. Fluence

rates were measured with an Optical Power Meter (model 840, Newport). The hypocotyl

lengths were measured using the scion image program (Scion Corporation).

Response to EODFR treatment

After surface sterilization and cold-treatment of the seeds as described previously. more than
50 seeds of each line were sown onto 0.8% agar plates containing 1/2 Gamborg B5 salts with
1% sucrose. The plates were incubated under white light (100 pmol m ™~ s™") for 16 hours.
followed by mncubation under an 8 hours white light/16 hours dark cycle at 22°C for 5 days.

The EOD-R and EOD-FR treatments were performed by irradiating the plants with an R light
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pulse (5 min: 20 pmol m™ s7') or a FR light pulse (5 min; 10 umol m ™~ s™") at the end of the 8
hours white light cycle, respectively. For the reversibility of the EOD-FR treatment. the plates
were treated with an R light pulse (5 min: 20 pmol m = s™") after EOD-FR treatment. The

hvpocotyl lengths were measured as described for the hypocotyl elongation assay.

Seed germination assays

For the phyA-dependent germination assay. seeds were irradiated with FR light (3 pmol m™
s’l) for 5 min and then incubated in the dark for 48 hours. After the dark incubation. the seeds
were irradiated with FR light of various fluences (14.4 to 86.4 mmol m™) and incubated in the
dark for 5 days. For the phyB-dependent germination assay. seeds were uradiated with FR
light (3 umol m~* s™") for 5 min and subsequently irradiated with R light of various fluences
(14.4 to 86.4 mmol m ™). After irradiation, the seeds were incubated in the dark for 5 days.

and the germination frequencies were measured.

Results

Identification of phyB complex proteins

To understand the highly complex and interconnected networks of the phytochrome signaling
pathways better. we attempted to 1solate phyB complex proteins in Arabidopsis in vivo
through affinity chromatography and MS-based proteomic analysis. The strategy for
purification and identification of phyB complex proteins is illustrated m Figure 1A. Five-day-
old dark-grown seedlings of Arabidopsis wild-type (Ler) and transgenic plants overexpressing
Pro35S.:phvB::GFP with phyB-5 mutant background (PBG-5) (Yamaguchi et al. 1999) were
irradiated with R light (10 umol m™ s™) for 2 hours to isolate proteins that interact with phyB
when the Pfr form of phyB is enriched.

Through affinity chromatography with anti-GFP antibodies. we obtained four protein
fractions from the wild-tyvpe (Ler) and PBG-5 transgenic seedlings (immunoprecipitated and
supernatant fractions from each; see Methods for details). These fractions were subsequently
resolved using 2-D gel electrophoresis (2-DE): the immunoprecipitated fractions from the
wild-type (Ler) and PBG-5 transgenic seedlings are shown in Figures 1B and 1C,
respectively. A relatively low-stringency washing condition was applied to maximize the
recovery of proteins that weakly, indirectly, and/or transiently bind phyB in vivo. We
distinguished putative phyB-interacting proteins from the nonspecific protein background by
comparing 2-D gel patterns of immunoprecipitated fractions of PBG-5 transgenic seedlings

with those of wild-type (Ler) seedlings. Protein spots found in supernatant fraction of PBG-5
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transgenic seedlings were also excluded.

Of the 71 spots analyzed for matrix-associated laser desorption 1onization-time of flight
(MALDI-TOF) peptide mass finger printing, 16 proteins were identified as putative phyB
complex proteins (Table 1). It is noteworthy that the putative phyB complex proteins included
PIF3-Like | (PIL1), which is highly similar to a well-known phytochrome-interacting protein,
PIF3 (Toledo-Ortiz et al. 2003). We also identified another putative transcription factor.
Homeobox Protein 23 (ATHB23). Regulatory proteins involved in protein medification. such
as DNA-Binding Protein phosphatase 1 (DBP1) and a putative kinase (AT1G74490), were
identified as putative phyB complex proteins. Notably. proteins thought to be involved in
chloroplast function. such as ADP Glucose pyrophosphorylase | (ADG1). and Chloroplast

Biogenesis 4 (CLB4) were also identified as the putative phyB complex proteins.

Interactions between phyB and putative phyB-interacting proteins were confirmed by
BiFC analysis

To contirm the interaction between phyB and putative phyB complex proteins shown in Table
1. we employed BiFC analysis using Arabidopsis mesophyll protoplasts. Plasmids encoding
split YFP-fusion proteins with phyB and each putative phyB-interacting protein were
transformed into Arabidopsis protoplasts. After one-day incubation in the dark. the
transformed protoplasts were irradiated with R light (10 umol m™ ™) for 2 hours
immediately prior to observation under a fluorescence microscope. Interactions between phyB
and 12 out of 16 putative phyB-interacting proteins were further examined by BiFC analysis.
Among these. six were shown to interact with phyB by BiFC analysis (Figure 2 and Table
S1). phyB-YFP® interacted with ATHB23-YFP™ (Figure 2B) and PIL1-YFP" (Figure 2D)
preferentially in the nucleus. while an interaction between phyB-YFP® and AT1G74490-YFP™
(Figure 2E) or AT2G26190-YFP™ (Figure 2F) was shown mainly in the cytoplasm. phyB-
YFP® interacted with ADG1-YFP™ (Figure 2A) and DBP1-YFP™ (Figure 2C) in the nucleus

and 1n the cytoplasm.

phyB-interacting proteins regulate the R light-mediated hypocotyl growth response of
Arabidopsis seedlings

To gain insights into the function of phyB-interacting proteins in phytochrome signaling,
Arabidopsis mutants carrying a T-DNA insertion in genes encoding each phyB-interacting
protein (Figure 3A) were analyzed. We measured hypocotyl growth in the wild-type (Col-0)

and homozygous mutant (designated as adgl, athb23, dbpl, ailg74490, and at2g26190)
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seedlings in response to R. FR. and B light (Figures 3B and S2). The pil/ mutant was not
included because 1t was previously reported that pill displays long hypocotyl phenotype
under R and FR light, compared to the wild-type (Khanna et al. 2006). None of the mutants
examined showed any pronounced effect of FR and B light responses. By contrast. four
except the ar2g26190 mutant displayed significantly different R light responses from those of
wild-type. The athb23 and dbpl mutants exhibited reduced inhibition of hypocotyl growth
than the wild-type (Col-0) under R light. However, the adg! and atlg74490 mutants had
shorter hypocotyls under R light than the wild-type. These results suggest that four phyB-
interacting proteins function as regulators of R light-mediated hypocotyl growth response of
Arabidopsis seedlings (ATHB23 and DBPI as positive regulators; ADG| and AT1G74490 as

negative regulators).

ATHB23, a phyB-interacting protein, is a member of the class I HD-ZIP family of
transcription factors

As the arhb23 mutant exhibited the greatest changes in hypocotyl growth under R light among
the five mutants examined, we focused on ATHB23 for detailed analysis. ATHB23. a member
of the class I homeodomain-leucine zipper (HD-ZIP) family of transcription factors, is a 255-
amino acid protein containing a nuclear localization signal sequence and two DNA-binding
domains (a homeobox domain and a leucine zipper domain) (Figure 4A). To determine the
subcellular localization of ATHB23, the ATHB23 protein fused to GFP at the C terminus was
transiently expressed in Arabidopsis mesophyll protoplasts. The ATHB23-GFP protein was
clearly localized to the nucleus (Figure 4B). further implying that ATHB23 functions as a

transcription factor.

ATHB23 is a positive regulator of R light-mediated hypocotyl growth

The arhb23 mutant exhibited long hypocotyl phenotype under R light. but it did not show any
significant differences from the wild-type under FR or B light (Figure 3B). Since the
hvpocotyl growth response depends on light intensity, we examined whether the athb23
mutant exhibited altered hvpocotyl growth over a wide range of light fluences. The arhb23
mutant displayed a significant recduction in the R light response in light fluences ranging from
0.2 to 20 umol m~ s (Figure 5A). By contrast. the arhh23 mutant did not show any
pronounced alterations in the FR and B light responses at any of the fluence rates examined
(Figure 5B and C). These results indicate that ATHB23 functions as a positive regulator of the

R light-mediated hypocotyl growth response in Arabidopsis seedlings.
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We then examined whether ATHB23 affects the end-of-day far-red (EODFR) response.
which 1s primarily mediated by phyB. In this experiment, seedlings grown under white light
for 8 hours were exposed to a pulse of saturating R (EOD-R) or FR light (EOD-FR) before
being returned to a 16 hours period of darkness (see Methods for details). Compared with the
EOD-R treatment, the EOD-FR treatment caused a significant increase (53.9%) in the length
of wild-type (Col-0) seedlings. In contrary. the EODFR response was less pronounced in
athh23 (24.4% increase) and in phyB-9 (12.5% increase) than in the wild-type (Col-0) (Figure
5D). These results demonstrate that the arhb23 mutation leads to a decrease in the EODFR
light-dependent stimulation of hypocotyl elongation. Overall. these results suggest that

ATHB23 plays important roles in the phyB-mediated hypocotyl growth response.

ATHB23 positively regulates R light-mediated cotyledon expansion

We noticed that the cotyledon sizes differed between the wild-type (Col-0) and athb23 mutant
plants. To determine whether ATHB23 regulates phytochrome-mediated cotyledon expansion,
we measured the areas of cotyledons from plants grown in the presence of R, FR, or B light.
As shown in Figure 6A. athh23 plants grown in R light (10 pmol m™~ s') had smaller
cotyledons than wild-type (Col-0) plants. whereas the arhb23 plants had nearly wild-type-
sized cotyledons when exposed to FR light (10 umol m™ s™) or B light (10 pmol m™ s™). We
further examined the cotvledon growth over the range of R and FR light fluences. The
cotyledon area of the athb23 seedlings was significantly smaller when the plants were grown
under R light at fluences ranging from 0.2 to 20 pmol m * 5" (Figure 6B). By contrast, we did
not observe drastic changes in cotyledon growth in plants grown under different FR light
fluences examined (Figure 6C). These results mmply that ATHB23 regulates phyB-mediated

cotyledon expansion.

ATHB23 positively regulates phyB-dependent seed germination

To mvestigate whether ATHB23 1s involved in other phyB-mediated responses. we examined
the light-dependent gernunation frequency of the athb23 mutant under R and FR light. We
first compared the germiation potential of wild-type (Col-0). phyB-9. and athb23 seeds
irradiated by different R light fluences (0.1 mmol m™ to 3.6 mmol m™) immediately after
exposure to a pulse of FR light: the seeds were subsequently maintained in the dark. Wild-
type (Col-0) seeds are known to germinate when phyB i1s activated by R light. but the phyB-9
mutant seeds did not germinate under the same conditions (Figure 7A). The athb23 mutant

seeds required more R light fluence for seed germination than the wild-type (Col-0). For
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example. while all of the wild-type (Col-0) seeds germinated in response to a pulse of R light
(0.3 mmol m™), only 53.9% of the athb23 mutant seeds germinated under the same
conditions. We then analyzed the germination potential of wild-type (Col-0), phy4-211, and
athh23 seeds under phyA-dependent germination conditions [inactivation of phyB with a
pulse of FR light, followed by 48 hours of seed imbibition and induction of germination by
prolonged FR light irradiation of different fluences (14.4 mmol m™ to 86.4 mmol m™)].
Under these conditions, 63.0% of the wild-type (Col-0) seeds germinated in response to
prolonged FR light irradiation (86.4 mmol m™). whereas the phy4-21] mutant seeds did not
germinated at all (Figure 7B). We did not observe any significant differences between the
germination phenotypes of wild-type (Col-0) and athb23 mutant seeds. Taken together. these

results indicate that ATHB23 is a positive regulator of phyB-mediated seed germination.

Discussion

The in vivo affinity purification of phyB complex proteins

Several important phytochrome-interacting proteins have previously been identified. mainly
via Y2H screens using phyA or phyB as bait (Ni et al. 1998. Fankhauser et al. 1999, Choi et
al. 1999. Kim et al. 2002, Ryu et al. 2005). However, the use of such heterologous expression
systems may cause difficulties to isolate proteins that only interact with native chromophore-
containing phytochromes, proteins that indirectly and/or transiently interact with
phytochromes, and proteins that interact with phytochromes under specific environmental or
developmental conditions. In an effort to identify in vivo phytochrome complex proteins, Phee
et al. (2006) 1solated 16 phytochrome-interacting proteins from transgenic 4rabidopsis plants
overexpressing potato phyA and phyB. However. the complex. interconnected signaling
network of the phytochromes has yet to be fully elucidated.

In this study, we isolated in vivo phyB complex proteins by performing affinity
purification, coupled with MS analysis, in GFP-tagged phyB-overexpressing Arabidopsis
plants. Moreover, 4rabidopsis seedlings mrradiated by R light were subjected to maxmuze the
enrichment of proteins that interact with the biologically active Pfr form of phyB. In addition
to identifving 16 putative phyB complex proteins under R light wrradiation. the data presented
here contain several important new findings. including the following: (1) the majority of
phyB-interacting proteins identified in this study have not been previously reported; (2) four
phyB-interacting proteins function as positive or negative regulators of R light-mediated
hvpocotyl growth responses; and (3) ATHB23, a homeobox transcription factor, 1s a novel

component in phvB-mediated light signaling. which probably links phyB to photoresponsive
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nuclear target genes.

Novel Arabidopsis phyB-interacting proteins
Among the 16 newly isolated phyB complex proteins identified by affinity purification. we
examined the interaction between phyB and 12 putative phyB-interacting proteins using BiFC
analysis. Six of these proteins were found to interact with phyB in Arabidopsis protoplasts by
BiFC analysis (Figure 2 and Table S1). Six proteins that failed to interact with phyB could be
false positives m the affimity purification experiment. Alternatively, perhaps we could not
detect the interactions because the overexpressed YFP-fused proteins used for BiFC analysis
were qualitatively and/or quantitatively different from native proteins that are expressed under
the control of a cognate promoter without an additional tag sequence. Another possibility is
that the interaction may require additional protein(s) or specific physiological conditions.

PIL1 is one of the most notable candidates among the six novel phyB complex proteins
identified in this study. PIL1 belongs to subfamily 15 of Arabidopsis bHLH proteins, along
with other well-known phyA- and/or phyB-interacting proteins such as PIF1/PIL5, PIF3,
PIF4. PIFS/PILG, and PIF6/PIL2 (Castillion et al. 2007). The data clearly show that PILI
interacted with phyB (Figure 2D). By contrast. it was previously reported that the full-length
PIL1 protein did not interact with phyB in an in vitro co-immunoprecipitation assay. whereas
the active phytochrome binding motif of PIL1 bound to the Pfr form of phyB (Khanna et al.
2004). Such conflicting results about the PIL1-phyB interaction may be due to differences in
experimental conditions employed in the current experiment and in the previous study.
including the different protein preparations utilized (proteins translated in Arabidopsis
protoplasts versus in vitro translated proteins) and the different protein constructs that were
employed (YFP-fused versus GAL4 activation domain-fused). In this study. we provided
experimental evidence that PIL1. known to be a positive regulator of phytochrome signaling.
interacts with phyB in Arabidopsis.

Another mtriguing feature of the novel phyB-mteracting proteins identified i this study
is that two of these proteins are involved m post-translational protein modification. 1.e.,
DBPIl. a putative protein phosphatase and AT1G74490, a putative protein kinase. The
involvement of protein kinases and phosphatases in phytochrome signaling pathways has been
well studied. For example. NDPK2, a protein kinase, functions as a positive signaling
component of the phytochrome-mediated light signaling pathway. Moreover, NDPK2
interacts with the Pfr form of phyvtochromes, and this interaction leads to an increase m the

activity of NDPK2 (Chot et al. 1999), although the downstream components of NDPK?2 have
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not been 1dentified. PAPPS. a positive regulator of the phytochrome-mediated light signaling
process, 1s a serine/threonine protein phosphatase. PAPPS binds to and dephosphorylates the
Pfr forms of phytochromes. In addition, PAPPS enhances the binding of phyA to NDPK2
(Rvu et al. 2005). PAPP2C. another phosphatase in the Arabidopsis protein phosphatase type
2C family, also interacts with phytochromes and functions in phytochrome-mediated light
signaling (Phee et al. 2008). The identification of DBP1 and AT1G74490 as novel phyB-
interacting proteins strongly supports the notion that protein phosphorylation and
dephosphorylation are important to phytochrome signaling. Although the detailed molecular
and biochemical mechanisms by which DBP1 and AT1G74490 function in phyB signaling
need to be pursued, it is possible that DBP1 and AT1G74490 dephosphorylate and
phosphorylate phvB. respectively. It is also possible that DBP1 and AT1G74490 are activated
by phyB and subsequently modify their substrates.

ADG]1 was the most unexpected phyB-interacting protein identified in this study. due to
its known function and subcellular localization. ADGI is a small subunit of ADP glucose
pyrophosphorylase (ADGase), a key regulatory enzyme in the starch biosynthetic pathway of
plants, which catalyzes the synthesis of ADP glucose and pyrophosphate from glucose-1-
phosphate and ATP within chloroplasts and amyloplasts (Ballicora et al. 2004). However,
ADGI does not seem to localize exclusively in chloroplasts. as ADG] interacted with phyB in
the nucleus as well as cytoplasm in our BiFC analysis (Figure 2A). Perhaps ADG] serves as a
molecular link between phytochrome signaling and starch biosynthesis. Alternatively, ADGI
may have two differential functions, i.e., an enzyme in starch biosynthesis and a phyB-
mediated light signaling component. inside and outside the chloroplast. respectively.
Elucidating the exact mechanisms of ADGI i phyB signaling will be a challenging task.
Overall. we identified six in vivo phyB-interacting proteins that have not been previously
reported, and we further demonstrated that four phyB-interacting proteins function as positive

or negative regulators of R light-mediated hypocotyl growth responses.

ATHB23 is an important component of the phyB signaling process

In this study, we showed that the HD transcription factor protein ATHB23 interacts with phyB
in the nucleus and is involved in the phyB-mediated light signaling pathway in Arabidopsis,
as a positive regulator of phyB signaling (Figures 2 to 7). This conclusion is based on the
observation that the arhb23 mutant displayed altered phyvB-mediated light responses,
including longer hypocotyl (Figures 3B and 5A) and smaller cotyledons (Figures 6A and 6B)

than the wild-type, under R light, as well as a reduced response to EODFR (Figure 5D).
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Furthermore. the athb23 mutant seeds required more R light fluence for germination than
wild-type seeds (Figure 7A).

Although the exact mechanism by which ATHB23 positively modulates phyB-mediated
R light responses 1s not clear. two possible scenarios are proposed. First. ATHB23. as a
transcriptional activator, may directly upregulate the expression of R light-responsive genes
through the binding of ATHB23 to their promoters. Second. ATHB23. as a transcriptional
repressor, may indirectly upregulate the expression of R light-responsive genes as a result of
the direct downregulation of other transcription repressors. Under both scenarios. ATHB23
and PIFs (PILs) antagonistically regulate R light-responsive genes. Simultaneously. it is also
possible that ATHB23 cooperates with positive regulators of phyB-mediated light signaling to
control the expression of light-inducible genes. Our future goals are to reveal the direct targets
of ATHB23 and to elucidate how the mechanism by which ATHB23 differentially regulates

the expression of target genes is different from that of other transcription factors.

Function of HD-ZIP proteins in light signaling

HD is a conserved 60-amino acid motif present in transcription factors found in all eukaryotes
(Ariel et al. 2007). HD-containing transcription factors participate in a wide variety of
developmental processes (Henriksson et al. 2005). Plant HD-containing proteins are classified
into six families based on distinct features of the HD and associated domains (Chan et al.
1998). Among four HDs associated with leucine zipper (HD-ZIP) subfamilies, ATHB23
belongs to the HD-ZIP 1 subfamily. Several HD-ZIP proteins are involved in light signaling
pathways. When ATHB1. a member of the HD-ZIP I subfamuly. 1s overexpressed in tobacco,
dark-grown transgenic tobacco seedlings display de-etiolated phenotypes. such as cotyledon
expansion and an inhibition of hypocotyl elongation (Aoyama et al. 1995). In addition.
ATHBI16 belongs to the HD-ZIP I subfamily and functions as a component of B light
signaling in hypocotyl elongation. Transgenic Arabidopsis seedlings with reduced or elevated
expression of ATHBI16 have shorter or longer hypocotyls than wild-type seedlings in response
to B light irradiation, respectively (Wang et al. 2003). ATHB2, the most extensively studied
HD-ZIP protem. 1s a member of the HD-ZIP II subfamily. ATHB2 i1s rapidly and strongly
induced by a low R:FR ratio. while the level of this protein is rapidly reduced in response to a
return to light with a high R:FR ratio (Carabelli et al. 1996). ATHB2 also functions in the
regulation of shade avoidance responses (Steindler et al. 1999). The identification of ATHB23
as a novel component in the phyB-mediated signaling pathway opens up the possibility that

there are additional HD-ZIP proteins that function in light signaling pathways. Thus. further
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studies of HD-ZIP proteins should include an investigation of whether other HD-Zip proteins

are involved 1n light signaling pathways.
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Table S1. BiFC analysis of interactions between phyB and putative phyB complex proteins.
Figure S1. Detection of phyB-GFP in mmmunoprecipitated protein fraction of PBG-5
seedlings.

Figure S2. Hypocotyl growth responses of 4rabidopsis mutants deficient in phyB-interacting

proteins under R light condition.
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Figure legends

Figure 1. Isolation of phyB complex protemns. (A) Schematic diagram of the strategy
employed in this study using MS-based analysis of affinity purified phyB complex proteins.
(B and C) Two-dimensional gels of total protein extracts immunoprecipitated with anti-GFP
antibodies in wild-type (Ler) (B) and phyB::GFP-overexpressing transgenic (PBG-5) (C)
seedlings. phyB-GFP proteins were detected in immunoprecipitated fraction of PBG-5
transgenic seedlings, not in that of Ler seedlings, with anti-GFP antibody (Figure S1).
Reproducible 2-D protein maps were obtained from two independent experiments. Circles and

numbers in (C) correspond to numbers of spots listed in Table 1.
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Figure 2. BiFC analysis showing that YFP -tagged putative phyB complex proteins interact
with phyB-YFPC. phyB-YFP® interacts with ADGI-YFP" (A). ATHB23-YFP" (B). DBPI-
YFPY (C). PILI-YFPY (D). AT1G74490-YFP™ (E). and AT2G26190-YFP™ (F) in the
Arabidopsis protoplasts. Confocal microscopy (YFP, left) and the corresponding bright-tield
images (DIC, right) of protoplasts transtected with constructs encoding the indicated fusion
proteins are shown. Interactions between SHY2-YFP" and phyB-YFP® (F) were used as a
positive control for protein-protein interactions in the nuclei. No interaction between YFP™

and phyB-YFP® (G) is shown as a negative control. Scale bars = 10 um.
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Figure 3. Hypocotyl growth responses of Arabidopsis mutants deficient in phyB-interacting
proteins. (A) Position of the T-DNA insertion within each T-DNA insertion line. Gray boxes
represent exons. Thick black lines indicate the untranslated regions and introns. (B)
Hypocotyl growth responses of 5-day-old wild-type (Col-0) and mutants seedlings under
darkness (D). R (20 umol m™ s™"). FR (10 pmol m™ s™"), and B (20 umol m™ s™') light. The
growth responses of the wild-type (Col-0). phvd4-211, phyB-9, and cryl were included as
controls. The experiment was repeated four times, and representative data are shown. Data
presented are means (n > 30) + SD. Asterisks indicate significant differences between the

wild-type (Col-0) and each mutant using Student’s f test (*. P < 0.001: **_ P < 0.05).
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Figure 4. Molecular characterization of ATHB23. (A) Schematic representation of the
ATHB23 protein. NLS, nuclear localization signal: HD. homeobox domain; 1LZ, leucine
zipper domain. (B) Confocal images showing the subcellular distribution of GFP-tagged
ATHB23 fusion proteins in transiently transformed Arabidopsis protoplasts. The merged
image of the fluorescence signal (upper left) and DAPI staining (upper right) is shown at the

bottom, along with the DIC image. Scale bars represent 10 pm.

1 66 126 167 255

l | || I

NH, — m LZ - COOH

ATHB23-GFP DAPI

Merged DIC

This article is protected by copyright. All rights reserved.

- 163 -



Accepted Article

Figure 5. The athh23 mutant shows reduced hypocotyl growth responses to red light. (A-C)
Hypocotyl growth response of 5-day-old wild-type (Col-0) and athbh23 seedlings under
various intensities of R (A), FR (B), and B light (C). The experiment was repeated four times,
and representative data are shown. Data are shown as means (n > 30) £ SD. The ratio of
hypocotyl length to that of dark-grown seedlings was expressed as relative percent ratio.
Asterisks mdicate significant differences between wild-type (Col-0) and athh23 seedlings
using Student’s / test (P < 0.001). (D) Hypocotyl growth response of the athb23 mutant to
EODFR light treatment. Light irradiation conditions are indicated in the diagram above the
graph. EOD-R, EOD-FR, and EOD-FR/R denote R. FR, and FR/R light pulse treatment,
respectively. The hypocotyl length under each condition is denoted as a value relative to that
of wild-type (Col-0) plants with no EOD light treatment. This experiment was repeated four

times. and representative data are shown. Data presented are means (n > 30) £ SD.
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Figure 6. The athb23 mutant is defective in phyB-mediated cotyledon expansion. (A)
Photographs of 5-day-old wild-type (Col-0) and arhb23 seedlings grown under FR (10 pmol
m~ s, R (20 umol m™~ s, B (20 umol m™ s7'), and white (W, 80 umol m™ s7) light. (B,
C) Cotyledon areas of wild-type (Col-0) and arhb23 seedlings measured 5 days after
germination and grown under various R (B) or FR (C) light fluence rates. The experiment was
repeated four times, and representative data are shown. Data presented are means (n > 15) +
SD. Asterisks indicate significant differences between wild-type (Col-0) and athb23 mutant
seedlings using Student’s / test (P < 0.05).
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Figure 7. The athb23 mutant is defective in phyB-dependent seed germination. (A)
Germination percentages of wild-type (Col-0) and athb23 mutant seed under phyB-dependent
seed germination conditions. The diagram above the graph depicts the light irradiation
conditions for the experiment. Germination percentage is shown at various R light fluences
(0.1 to 3.6 mmol m™) that were given immediately after 5 min of FR light exposure (3 umol
m " s ). This experiment was repeated three times. and representative data are shown. Data
presented are means (n > 100) + SD. phyB,, indicates the light condition in which phyB is
activated by FR followed by R. (B) Germination percentages of wild-type (Col-0) and athb23
mutant seeds under phyA-dependent seed germination conditions. Seeds were imbibed for 48
hours and then irradiated by various fluences of FR light (denoted as FRi. 14.4 to 86.4 mmol
m™). This experiment was repeated three times. and representative data are shown. Data
presented are means (n > 100) £ SD. phyBog and phyAg, indicates a hight condition that

inactivates phyB by FR and activates phyA by FR irradiation, respectively.
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Table 1. Putative phyB complex proteins identified by MALDI-TOF/MS analysis in phyB-GFP-

overexpressing transgenic 4rabidopsis seedlings.

Spot  Accession L Theoretical Experimental No. of ”
0. oy AGI code Protein name KDa/pl kDa/pl peplide %0
1 18401055 AT2G26190 Galmedortincing family 60.5/7.2 54.3/6.0 8 8

protein
2 9759324  ATS5G60600 CHLOROELASTRIOGENESIS 82.3/6.4 86.0/5.9 13 25
4 (CLB4)
ADP GLUCOSE
3 15238933  ATS5G48300 PYROPHOSPHORYLASE 1 56.7/6.5 57.0/58 9 13
(ADGI)
HOMEOBOX PROTEIN 23 )
- 39 32 29.7/4. 27.3/5.
4 18396130 ATIG26960 (ATHB23) 9.7/4.8 7 6 8 11
5 30699019 ATIG74490 Protem kinase superfamily protein 44.6/9.0 41.7/5.2 9 16
DNA-BINDING PROTEIN
5224 2G2562 2 7/5 47
6 15224766  AT2G25620 PHOSPHATASE 1 (DBP1) 42.7/5.3 47.3/6.0 8 11
7 30680478  AT2G45290 Transketolase 80.0/6.6 80.6/6.3 L] 9
8 21593379  AT2G34590 Transketolase family protein 44.0/5.6 42.6/5.6 7 6
S-ADENOSYL-L-
9 3242075 AT4G13940 HOMOCYSTEIN HYDROLASE 534/58 62.0/5.8 12 15
1
10 25513556  ATIG33790 Jacalin lectin family protein 81.8/6.6 101.6/7.4 2 24
11 15237407  ATS5G46240 Potassium channel protein 78.3/7.8 80.1/5.9 5 7
12 15225049 AT2Gu4s1p Levcimerichiepeatproteinkinase o, g 59.6/5.6 8 7
family protein
13 10178171  AT35G65090 BRISTLED 1 (BSTI) 60.0/7.9 53.8/54 12 10
14 23397095  AT4G20360 RAB GTPase homolog E1B 51.6/6.1 51.1/5.5 19 15
ITV )
15 18417676  AT5G15450 CASEINLY TI];PROTE]NASE 108.9/6.1 105.8/5.4 22 11
PHYTOCHROME-
16 22535492  AT2G46970 INTERACTING FACTOR 3- 46.6/9.4 32.1/54 14 19
LIKE 1 (PIL1)
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