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SUMMARY

The purpose of this research project is to generate valuable transgenic turfgrass by the introduction of
genes displayed the useful phenomena such as delayed-senescence, stress tolerance, and control of dwarfism,

and then to develop value-added turfgrass varieties with agricultural traits.

We have generated transgenic turfgrass using regulatory genes from Arabidopsis, AtSIZ, ORE7, and
TPR domain of PAPP5 among useful genes obtained from Genomine. And we have identified novel
4 genes through plant functional genomics to apply for the development of valuable transgenic
turfgrass. To better understand the in vivo functions for the regulation of plant senescence, we have
cloned cDNAs for genes, and generated transgenic Arabidopsis expressing the sense strand of the
genes after the identification of 2 novel genes, ATHGI contained At-hook domain and GSDL2 from
advanced RAM mutants with aberrant plant senescence. ATHGI1-, and GSDL2-overexpressed plants
showed a highly significant delayed-senescence in the heterozygous state, leading to yield increase
in the organ size and seed production. Interestingly, activation of the genes led to a highly stress
tolerance under the condition of various environmental stresses. Also, the plants with repression of
ARF?2 identified through EMS mutagenesis displayed phenotypic characters of delayed-senescence and
oxidative stress tolerance. On the other hand, overexpression of AtGA2o0x4 identified through
advanced RAM approach predominantly induced a dwarf phenotype by the regulation of genes in

the leaves, but not in the roots and stems of Arabidopsis.

We have introduced 6 useful genes into turfgrass through transgenic technology utilizing high-
efficiency transformation system, and generated valuable 3 transgenic turfgrass by various functional
analysis. TPR-transgenic turfgrass displayed a dwarf symptom similar to that of Arabidopsis.
AtSIZ-transgenic turfgrass showed a significant trait for the tolerance of salinity and drought stress.
In addition to ORE7-transgenic turfgrass had phenotypic characteristics of delayed-senescence and
the tolerance of salt stress. Three transgenic species with phenotypic characteristics is to apply for
the development of new value-added turfgrass cultivars. One the other hand, we showed that
gamma-ray irradiation-induced mutagenesis is highly effective in generating mutations in Zoysia
grass. Using this technology, we have identified herbicide-tolerant lines with unbolting traits, which
can be utilized in controlling transgene escape of GM Zoysia grass. This technology could also be

applied in other GM plants being cultivated through vegetative propagation.
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Table. 3. & 2 R 3 & 7|H S 0|6t XC| Z3 Jlof| CHst S&
AT+ 71 il 1y
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Monsanto A} AzA AP 7Y F2F AL
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A 5o 8 3 AzA AP A FF L F%9 94 Wt &
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s $7 WA AzA AR we B AL | o Pl
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-%3}a] high intensity =713} A tuber number ¥ vyield®] F7HF FEEIJOoH o] gh
& 7H 277 AAZ A F5 R JHFsal dth(Boccalandro et al., 2003). I
9] Texas Tech. Univ.®} Univ. of California Davis ATE-E o 7]1& e vacuolar
sodium/proton antiporter -+ ZQ1 AINHX1-S THE}o =3} salt stressol] sk #3AJ8ql ofy
g} dox Boh gAY fiber YA S7F RHFE /A= 5 HE FF N JFsta
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g Zglo)] dxstuAl g, ol FI MIHE FFE 539 £EF 5 22 158U 9

HE2 AW /b v B 7l 5+ UL AolTh

Table 4. L 2| ZIC| 2 53] £ 215 (2005 108)

o AL
B s qe i A EH(PCT)

Turf 759 842 941 146
Sod 411 363 438 150
Turf+Production * - - - ' -
Turf+Seed 54 80 70 9
Turf+Disease 26 22 27 2
Turf+Disease+Pesticide 4 6 2 2
Turf+Cultivar 60 46 57 8
Turf+Fertilizer 11 48 14 2
Turf+Athletic field 14 9 7 3
Turf+Construction 29 67 45 7
Turf+golf course 52 74 ol 10
Turftmanagement. 7 8 5 1

= A 1,420 1,557 1,652 339

LraEEE 4 R 302 s www kipris.or.kr).
* Turf+Production 74 2317} 1308

Table 5. 2L ZtC| 2 E3] £ 24 (2005H 108))

Ao AL 4] 8(%)
Zhe]+7he] A i 27 0.90
Are ATE 35 1.10
ZFe bl a5 1 0.04
Zo+H) 5 866 294
AT +A| T 102 3.50
A+ 7% 2 0.06
FEA 7 2 0.06
oy e by 1 0.04
71e} 1,902 64.9
A 2,938 100

L. gzssy|edn A4 I www kipris,or.kr)
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A3A E FAAY Ve dEd AT AHE 7F-HY HYIET)

L Y AAE 7 AL 2 JAFEA AL (s 71D

>
N

2 A FFE 71E o]lad ug AFEHLS S3Y FAAG AAE olv] FYyit =7L
Z g 3nl Jti(Toyama et al., Molecules and Cells, 2003). 53+ H] A el Az A <1 BASTA
o A Tl bar)E 21 Je AZRA AP EFXUE NE3tY FASESHE HA3)
a (Figs. 1 and 2). ©] Z= &A] A F2H210]8= °lF
Aol FHsE g FHIE Stal UTh

a2/
oo

o2 BRNY B7} vhrY

2 =y Yl S3Y F4d8 A2" g€y i $#AF

o] A ANzHE sl o 7Y ZEd Z(drought, cold) WA 32

BF3E 3SFA|3 bentgrass T SFSl Agrostis mongolica Roshev.dll =QJAIA 2~E# 2 A A
3]

A
Lo 433 v} A th(Enkhchimeg et al., Plant Cell Tissue and Organ Culture, 2006).

Fig. 1. HEAE] Aghy RO 28 Y. HIARE 4% F ofdES ()2 FEME T (2, 3, 4)2 #SY.

Fig. 2. HFE HHF2 Hal ZZ0IM HAIE HIAE Mg 8. 2154, 02 B2 dx

Ho|1, LEE(B D)2 HIAE Ax 9| BE HIAH ety T ME

_18_



Al FARe] di# w=ES 3 9o, 7)o gene expression profiling 7]
3

H
proteomicsE HE3l] FAAY 715S BEFHoE Y JE Folth ol g 7H 9
7158 FAA 75 Fotd 78 7 A HEs ASAGSH F3E 7 o,
£3] 21E proteome A4S Tl TR FHAAS] A U gene networkings BE F U= I
A& 7HA L o

AN A Ze] 7%

Ho

A Aol AHEE 7Rl tiste] ofgfell A ZheFstAl vl skt

r% e
v

Activation tagging

gene promoter 4X enhancer

0000 i NI NN
\._Hq______—_{/

—_—
-_—
D —————
-

Increase inthe gene expression level

Fig. 3. activation tagging 7|®{2| 7|E2Xol 2lz|

S4: 1. HO|HMQ ZYo| Y= LM X7|of g Ho|HE STE =+ UCE
cf. insertional mutagenesisi= 20| H|2| EHYHO| FH = LIEN
2. YR I AER A NMEY FAAE g = U0k
3. Plasmid rescue = So101 &/ FHAL 7| SS HIAEE = UCt

Promoter trap 7]%

Promoter trap vectors (late mature stage) Examination of

Conventional promoter trap vector containing GUS reporter g e
- CaMV35S promoter > .
BamH1 | Hind1it B = 4
| 9
' ] % 3
RE o CoEl g
-7 ¢ %
355 polyA
L
X
- X r cho afr afr .

ki

Senescence-specific
expression

Mature senescing

New promoter trap vector containing GUS-LUC reporter

Neol
hel BstEll

sambt \ | Hindt S
I . Eﬂiél - EE
355 poyR hos pavA ‘
BamHI 02 8D: ACTZ 20d intzon
B

CaMV35S promoter

High throughput screening GUS staining &
by detection of luciferase Bioluminescence (T2)
activity : 5,000 T-DNA lines (T7)

Fig. 4. Promoter trap vector 72 2! high throughput screening Z-&. XE2I2|: T-DNAL| right border 2 left border =
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0| reporter FFHAI2| coding regionS Z=FSIL! 0970 RMAIE 22|& I ARBSH= RAAE 2l 28 H|(vecton) E 1A
st Al2o| HAXEIOZ T-DNAZ}F SA Aol AMRIE! Iff insertion /2| genome M Z0H| QEFS HHO} reporter R AP} 2t
Szl E0|Xol w0 Eol=l HAIX S| 2 E] plasmid rescue, inverse-PCR 22 Tail-PCR S2| &2 0| 25104 tagging

el | &
E|0j8 RHALE 2Ele 5 UL

RAM (random antisense mutagenesis)

Promotor

i
Rfle pmpskA mam  PIm -{:] Heugan A+ LD

Construction of antisense
cDMA library

Selection of transgenic
Plants

Plant transformation

cONA

e

Plant retransformation

Isclation of Inserl cDNA
Screening of mutants Analysis of sequenceing data

Fig. Principle of RAM approach

Fig. 5. RAM approach?| 7|E22l]
S4: 1. HOH|Q| ESY0| M= UM X7(0f A Ho|HE ST + UL
cf. insertional mutagenesis= 20| H|2] ZHHEHO| FH 22 LIEHL
2. Multigene familyOl M= in vivo MEHE EX FHALL| 7|= ; SHE T AUCL
3. 2= REXIQ antisense disruption H10|#|2| | ==|X| 4= X|AFS 0|Z Zdo|Ch
1222 inducible vector2| AFZ0| EA 0|},
4. Simple PCR methodE &510{ &1 H FMXIZ cloningE 4= UL

[H¥E &4 2EdE APE B /& #3834 &2 g 7 T

WE 2EdE 2H 32 EAIA AHLFd o2 gHsta e Wi &4 2Ed X
ARy #d F8& FAds AAEE #HE 2 oAb A Bsks RE(ORESARA,
from Nam Hong Gil, Korean)A| @2 FHA=0]H, o]&fdt =3} #H {FHAe F 2 ¢
o] =35 AAH FA WF 2EHE AIYAES ATFoEHN Ao =3 OLXJO]E}TLE x4

HES Ffel AT FFE nsh A FEolkE FUAA elwr} B Aol

it

ﬂil
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ORE7

< The age-dependent senescence phenotype

ore7 (IR ngo’.

Phetochemical Efficiency

Chlorophyll Content

20 25 30 35 40 45 50
DAG (day after germination)

P - Col ore7
: X N
: "™ ' 22 26 30 34 38 22 26 30 34 38 (DAG)
o~ [E sac12) - B
W 40 0 & DA SEN4 | e - -
100% et Cab
R W
o et N ™ Increased leaf longevity during age-dependent
= AN i = senescence

< The extended shelf life of ore7 cut flower

Col ore7
(30 DAG) (44 DAG)

Col ore7

Overexpression of ORE7 induces the yield increase of higher plants as
well as increased leaf longevity during age-dependent senescence.
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(o]%;ﬁ L AS ;ﬂ %{ji}m"ﬂ) ‘—TLf‘ﬂzﬂ?_ LH%

- Activation tagging, promoter

- Plant Functional i .
ant Tfictional genotmes trapping, advanced RAM

A FF NF 78 1A approach, chemical mutagenesis
Ela=y - HolA A
. S U P T N b
- Direct approach A%
AT TR e fAAe U AT
Q2 \E A 2
o HAAH AT A & ¥l construct A

- Ay FEAS 7Y

FAHE e A - FAHEA AdE L AE3
FAHEA FHz dd - PCR/Southern blot/RNA
B A =S

= 2 2] 5 11 S gel blot 5

BAAR AN AT AT | gauan 1% 24 | 94 498 A4

of thet ¥¥ ¥

1. Plant Functional Genomics

Aol AEF A8 7154 fRA AT TIHLe FRIIB AweAF) el Freln
+ activation tagging, promoter trapping, advanced RAM approach 2 chemical mutagensis 5
T deon 59 A8 3 WS Figs. 3-5004 AAIEATH

tn o

2. HlolA A4

=

d AEZL2 o 7]FZ 3}, activation tagging, promoter trap, advanced RAM approach 53
71548 FAA AFE Fot FEE tFY HolAERYH 53 A%, dd 38 2Ed
I g 2™ g 7% 2AE FEtY §8 2d IS Ad HolAE R
O]HH activation tagging 7| 538l R HE Wo|A= FZ gain-of-function HO|AZ ~EF
Ao Sl positive regulator} THE {8 FHAQ Wz @we AHE /MR Y= wE
H, advanced RAM approach®} promoter trap 7|HS H3lo FHHE Holde= F
loss-of-function WHoJA 2 ~E# X Aol tlSt negative regulator®} FHF F8& FHAY] &
Zo B2 AHES 7R Utk ol WA FHxte] Qe F Hd JAle AEY 2EHX
A ATl B 713 E AL Aol

o rﬂ
[

¢

B
f

LFR fA4 92 2 5 A%

XS5 THA= FAAE At AUEH O F activation tagging W O|A| poolol A ERE WHolA|
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A2 A Y FF AT FE A L
L 718&E {32 715 AA7H

7}. PAPP5 +7 A2 TPR domain: PAPP5] TPR =wW|¢19] 7]5S AHAAs7] A5t 4
4 =AW ol (dominant negative mutation)E F3F 9 72 F(reverse genetic approach)= ©]
&3t TPR =Wl F9 F9E FSFste] pNBI6 #WHo| Z 2Tt Axd WHE
pNB96-TPR’ ]2} ™ 3}HthFig. 11). pNB96-TPR HEES H7|FAWHOE olazulte 24
AGLIO =48 5, 317] 3 o] we} PFAASE ofazuEH R o R of 7| E FEA
SEA Z T}, 250g/u09] DL-PPT (Duchefa Biochemie BV)E ©]-&3le] F A 28-S A3t goh
o]%, DL-PPT A&/ & EUZE ot F5d T3 TAES Edadth T3 AEAES
HAF st A wj e AI, A7l AEAESS ofd P vlsl &2 A%, the] Al X (multiple
shoots) & % Alx A7te] ) Ad3}(dwarfing of the floral shoot internodes)S YEIHS Q1 4
AATHFig. 12). ©]= PAPP5S] TPR =WIRlS 2 EA o =3t A 7|AE A EA A 44
< =9 F UdSS YEdth

tor3  Collo"

Fig. 12. pNB96-TPR HIE{ 2|2 S35} of7|ZCH OpMEH Dt BO|HM|(prl, tpr2, pr3)Q ESHEHA H|m 24
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. ASIZ: AtSIZ7} NaCl 2E# 2~ ¥heo] AFJALS 7H-tE AL AAASH7] Yot 2 A
TEE ASIZ FRAAE B dst= = 2
o sl AIAHES FeAE FASAT. WA, ASizE HEAS= AES Axstr] As
CaMV/(cauliflower mosaic virus) 35S T Z T HE 7}7 pBII21 vloly g WEA GUS ZH
< WAISt] AwSI1Z cDNAES 23 &, Axd Ax3d HHE o E 71l J3AFH
2 A3 ol2RE Ao FAAEAE AH37] #18) 50 g/l FhyeiolAls x g}
MS Zd|o|EdA ujFate] Fddsd 2 = 2, ZFAHT T2 2 &4 & RNA
S do] ZAE ASIZ cDNAE HHO=Z 3t =W 535 B4 433} pBII21-AtSIZ-2-4 ¥
pBII21-AtSIZ-19-4= ok E 2 Fof B3] A 4517z TdS HH{I ol M?QH AtSIZ7} A
2 AR dddde RS ogustt ojgd HolAE o

A ASIZ I AEAY 2P S 2AMIAT WA NaCl 2E9

Zob Auigt A Eo] 400 mM NaClg 4A17F S<F 2 8)3tar, 8Y
Fig. 1394 B ne} o], ol 2 1559 salt ol o3t Azs xdF A wHol, &
3 Ao B3 o] doju= WA, 4z FEE FAAE A EAQ pBII21-AtSIZ-2-49}
pBI121-AtSIZ-19-4+= salt A 2|0l o3t FAP A WHol7} ALY doJuA] ¥yt 1|3l 4812 7
e FAAS AEAE 1EEY NaClol sl F718 AdA4S BHod 300mM NaCle 10Y
AstRs W, o E AE2 AobdA RIAT 4512 I HEAS oF 70%7F BAE
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ok,
Ir
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o
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il
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ofr
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o
il
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Z
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SE A2 FAY 5 Atk olHF ARE ASIZE LEES NaCl 2Ed 20 BE 2e
gol BlFHe FANA FE Aol

Ws-0 pBl121-AtSIZ-24  pBI121-AtSIZ2-184

Fig. 13. Phenotypic confirmation of transgenic plants for the overexpression of AzSIZ on 8 days after 400 mM NaCl

treatment for 4 hours.
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Fig. 17. Phenotypic characterization of T2 transgenic plants transformed with the 'sense' (SEN::4AtGA20x4) and 'antisense
(atga2ox4) construct for AtGA20x4 gene during 30 days after germination, and gene expression in the various organs.

DAG, days after germination; Scale bar, 1 cm; F, flowers; R, roots; St, stems; L, leaves; Si, siliques.
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Fig. 18. Phenotypic characterization of T2 transgenic plants transformed with the 'sense' (SEN::AtGA20x4) and 'antisense
(atga2ox4) construct for AtGA20x4 gene during 40 days after germination, and numbers of seed in the plants. DAG, days

after germination.
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Fig. 19. Transcript accumulations for GA 2-oxidase-related genes and flowering time-related genes in the various organs of

Arabidopsis Col-0 and SEN::AtGA20x4 plants. F, flowers; R, roots; S, stems; L, leaves; Si, siliques.
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Fig. 20. Transcript accumulations for feedback mechanism-related genes of GA metabolism in the various organs of
Arabidopsis Col-0 and SEN::AtGA20x4 plants. F, flowers; R, roots; S, stems; L, leaves; Si, siliques.
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Fig. 21. Responses of SEN::AtGA20x4-9 and SEN::AtGA20x4-10 mutants against GA; treatment at 30 DAG (days after
germination), respectively. For application for GA to plants growing on soil, 10*M GA; was sprayed once a week. (Bar=1

cm).

711 AF3 vhe} o] ArGA20x42] FLHL Ao Mo FolF ud F

g3l AL Fdtcha AetE QAT o] s AMAL wulE FFo| A Fels}H7)
A Tt ST N7 kY I SEN::AiGA20x4 W OIAl, TTE]IL GAs Aol #

o] Aoluk SEN::AiGAZox4 WOl ZRE 72t e AL Rejdte] o9l 7195 L 5

WA e s AN ohFig 22).

®

Fig. 22. Proteome analysis caused by the overexpression of AtGA20x4 in the wild type (A), SEN::AtGA20x4 without GA;
treatment (B), and SEN::AtGA20x4 with GA; treatment (C). Red letters indicate that AtGA20x4-upregulated proteins, of

which the expressions are reversible for GA; application.

Table 6= o 7] Noll A AtGA20x4 +7AAFS] Il 23] up-regulation® 3L GA; 2ol 23]
el o] PEES) $EO2 A%E WA W 4 Asklsh FUBAE E @

ol A AtGA20x4 AR A& 93] down-regulationd T AEL Aol ZolE £ QI
F 29 AN RZo], ARG FTH|ZE HLS ArGA20x4 TR Hdrdoe] AT B
Q2a g4 Dude WE 242 SUdts ook B AT RA® o S
S0% ol el wuldol 9=A) Bl wudel Ao eon tvA wade AEds

_36_



B Ax 273 g 9] Aew YA olg AMEE dA AT SEN::A1GA20x4
ol AN A AtGA20x4 FAFS] QL T]HoM ] Fold B Frket DHT d#o] e A=
Uebtth wEbA AiGA2ox4 TAAE] 7@l A Y FolA wH Tk st A fFEok #
dE oy F5A4 BA gduE s 2d St Tets Adoer 5T F Ao a8 AH)
29 Mg dAgy gEd @nde 2y S 2 Wl - oA F] @4 wiste] wE duEo iy
S7F ol Al 52 UE AE &7|HdA FE o] Fo|Hn. ole 3 AMEE ArGA20x4
X}L source 713’&01 Ao GEA A g vy xdS FTHo

Table 6. Up-regulated proteins caused by the overexpression of AtGA20x4, of which the expressions are reversible for GA;

treatment.
Spot No. Mw Arabidopsis protein Name Locus Tag.
- Cnloroplastiargetproteins
14 25.92 LHCB6 (LIGHT HARVESTING COMPLEX PSI1); chlorophyll binding
15 22.30 ATP-dependent Clp protease proteolytic subunit
306 43.09 SBPASE (sedoheptulose-bisphosphatase); phesphoric ester hydrolase AT3G55800
401 48.75 RPS1 (ribosomal proteinS1); RNA binding At5G30510
408 46.25 CHLIT (CHLORINA 42); magnesium chelatase AT4G18480
624 54.07 ribulose-1,5 bisphosphate carboxylase oxygenase large subunit N-methyltransferase, putative
1004 23.48 LHCA4 (Photosystem | light harvesting complex gene 4); chlorophyll binding
1115 31.24 chlorophyll a/b binding protein (LHCP AB 180)
1715 73.57 ABC1 family protein AT4G31390
2101 32.37 CA1 (CARBONIC ANHYDRASE 1); carbonate dehydratase/ zinc ion binding
2103* 26.59 ATFER1 (ferretin 1); ferriciron binding AT5G01600
2409 45.98 3-isopropylmalate dehydrogenase, chloroplast, putative AT5G14200
2507 50.73 ADG1 (ADP GLUCOSE PYROPHOSPHORYLASE SMALL SUBUNIT 1); glucese-1-phosphate adenylyltransferase AT5G48300
2604 59.62 ATP synthase CF1 alpha subunit
2701 64.11 ALDH10A8 (Aldehyde dehydrogenase 1048); 3-chloroallyl aldehyde dehydrogenase AT1G74920
Cytosol and other organelle target proteins
503** 51.78 265 proteasome AAA-ATPase subunit RPT5a AT3G05530
1805 96.01 UBP14 (UBIQUITIN-SPECIFIC PROTEASE 14); ubiguitin-specific protease AT3G20630
FEliiad 66.33 RCN1 {ROOTS CURL IN NPA): protein phosphatase type 2A regulator AT1G25490
1903* 123.37 Transcription factor/ transcriptional activator; response to stress AT3G19290
2715% 69.35 putative 2,3-bisphosphoglycerate-independent phosphoglycerate mutase AT1G09780
0406 48.04 Serpin, putative/ serine protease inhibitor, putative AT1G47110
0718 64.88 Protein phsphatase 24 65 kDa regulatory subunit
2501 52.84 Gamma-glutamylcystein synthetase
2606 54.92 Strong similarity to alanine aminotransferase AT1G17290
2703 61.15 Dihydrolipoamide acetyltransferase AT3G13930
7904 99.47 Aconitase AT3G16420

* indicates Stress-related proteins; ** indicates GA signalling-related proteins; *** indicates regulating proteins of
hypocotyl elongation.

W71F A GA 2-oxidased] 7S 7HA= FAAE 2714 AFSE Us F o WA
GARE B84 FH2 GA 102 AT E A1GA20x73 AtGA20x8, 131l GAs2} GAS &
A FEQ GAs T GAuE ABAI| = AtGA20x1N A AtGA20x67+ A 2] 67] FAAE Y& 5 9
o B AFEL 4tGA20x4 FAAZ} AAAFHOZ GA 2-oxidase?] 7T JHA= A, 18

TS 7IKYgE od 7Fd 5olAds A AE RIS A3t ArGA20x4 TEAA| 9} oA
o] GAs qualityS ZAFSIATH 1 A3} AtGA20x4 FEE A= oA Holl H5te] GAp, GAy, 18
I GALS T diE A dAS UEHACH, GA%t GA, T A Aol GARY T
o @l visted R SR E UEET. Wb 41GA20xd RS GASE GARE 712
2 3= GA 2-oxidase?] 7S 7Rl Ao 2 HTET 183l ArGA2ox4 HA A 9} ok Y
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o] GAo9t GALY FHS HWsRES wl, JAHAAE GA o] GAS FFHT AT 7
A4S JeElE AL E Bl AtGA20x4 FRAAE GAETE GAyol Widh 718 EolAdo] =
GA 2-oxidase®] 715< 7= AL Z FEtH(Table 73 Fig. 23).

ek

o
o
T

Table 7. Changes of GAs quality between Arabidopsis Col-0 and SEN::AtGA20x4 plants

GA12 GAS3 GA19 GA20 GA1 GA3 GA24 GA9 GA4

Col 13.19 1.91 1287 0.75 0.8 243 2141 2fr M 174
AtGA20x4-9-1 9.59 117 1414 4.1 1.88 2.92 1463  2.37 7.79
AtGA20x4-10-2 | 9.18 115  17.76  2.22 1.05 2.01 1795 2723 7.38

30
HCol

25 W AtGAZox4-9-1
H AtGA20x4-10-2

GA12 GA3 GA9 GAM

Fig. 28. Changes of contents of GAi2, GAj;, GAy, and GA, between Arabidopsis Col-0 and SEN::AtGA20x4 plants

Auto GFP Merged
- ..
—

Fig. 29. Nuclear and cytosol localization of GFP-AtGA2ox4. The full length AtGA20x4 gene fused to the coding sequence

GA20x4
-GFP

of the GFP gene was introduced into Arabidopsis protoplasts. After 18 h of incubation, localization of GFP-AtGA2ox4

was examined by confocal microscopy.
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HolHEL =3} XA & of FA AAFAAE

FEE S7F dAol fFEEHIAN. olef 2

AT-hook domain®] €] & chromatin architecture]

(11—t ]

EeoRi Bgill P

Seed Yield (mg/plant]

8

60

: w
o

Col-0 ATHG1 ox-5 ATHGT ox-6

(E) Col-0  ATHG? ox-5 ATHGT ox-6
ATHG1
ACT8

Fig. 31. ATHG1 Zfdts HIE{(A) ¥ FAMEA S ZHEX S (B, (), SATEED), J2|1 7

2
P
[l
rgh
=

i
Lo
ox
¢
oX
olN
=
Ll

ATHGI fr37re] #LdS & A 4
e 5 JEANS FA87] skl WA ATHGI ox-59 ATHGI ox-6°] 2}

N 7174 ok @ wlws) BUTh  ATHGI ox-59F ATHGI ox-6 WolA #1552 &
o) op & Bl FApo] 423 . g
o ATHGI §AAE w3t AAS B3] QA =27, EAF A Sxp 2o 5o QYan =
2 gusls Ao BUETHFie 31D). webd B $4x0 B A2 FHeo QA =t

135

£ 7
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w5 A9 EHFL e ol ATHGI A4S BE FFE BARI) shel ol F

&l
259 FoF A3 o) 71AU ok ATHGI ox-59F ATHGI ox-6 WolA|e] Yo zRE ZHA
RNAE FZ3}19] cDNAE A3t RT-PCRS G343k A3}, off 71& ) oA ol H|3}] ATHGI
0x-59} ATHGI ox-6 o)A 2] ATGHI A Wdo] A3 Z7lHE AL 3308 4 dgo
™ (Fig. 31E), ©]213F ARR-& B WolA| 7} ATHGI f23Ae] #TAA Y-S St ok

ATHG] #HZd WHolAl 9 =3 A A& FAlsty] fs5td, T, AltholA] ol & 25 o] &7
Bl 3-4¥H FH<H(rosette lean)S v 5Avjch X & , 3314 J
ZAste] ofAF o 7ot vl AT 1 AR, f7)F ok A5 409 o] F ]
3} Aol w4sHA ‘/}E‘rM_Uﬂ 504455 Slo] I AK(necrosis) ‘FElCl HAEUth wHA
o] &

ATHGI ox-5% ox-69] 7% 9] &3} @xdo] 55¢ o|FRE AP om do Ha A4
60 A = A <] ‘?:_1011%74 B ASS GAT F AATHFig. 324). o]HT AMPE W] FojH
ok, ATHGI 37 A=A =31 Ado 3o F8g A4S "asiagta e =3}
0E 454 FF wste olEY B9 454 FEol dol F 40Y o]FHH FA% HAE
Holm 55U JE49 o] 0%7F HAS, ATHGI ox-5% ox-69] 7% Do} & 559 0]
As WE FH 2719 40% ©39 F54 FFS BAdS IAY + UAh(Fig. 32B). 454
T Wikl oEo] J4d & WY ZAAME ofEFTL ol T 40Y o]FFH F473
A7) AFE) 559 o] FHE &Aool tRE AR oY, ATHGI ox-59F ox-6°] 735

609 7kA &/3e] ATt A doluA FUThFig. 32C). 7] AFHZFEH, ATHG! %
2 S Zte Fe=E yEyon, ojugh
Aol AFE ATHGI AR 4 AE5AE % 74 ¢ 334 58 742 3dH=

o W AEE Wyl AAgoe N FUEE Aow yzdn

H‘ 4y o = N I
©

o oR ot

(A)
Col-0

ATHG1 0x-5

Chlorophyll content {%)
g g B
iy }
1
& !
g )

ATHG1 ox-6

35 40 45 50 55 60 (Days) (C)

SEN4 SAG12 100 e ——p
50 500 \i\_\ ‘
—— 0 / Cord 80 3 1
« ATHG! o N

40 || —a—ATHG! 025
ATHG 016

Coro
? o ATHGH one6
.
20 200 ——Col ‘ R
20 || “=-ATHG1oxE I
10 = 14 | —a-ATHGt %6 | T
s B |yl A | "o y,‘ r\—J‘—-"JE [}

o
25 3 35 40 4 S0 55 60 w0 w 0 85 60 S 20 26 0 45 50 % &
DAG Wi DAG

HEtH| 9| Lio|-2|ZX Lslof et ZHEN S(A), Y=L BE®B), Y 52(0),

71 A} (senescence associated gene;

oA Z3} ATHGI ox-5 % ATHGI ox-6
E of e 7 wsud FAAE

SAG)E 9] wdS vwsty] fs), o &

>
rx
% *



of THEFTE qRT-PCR 4= T3l sttt =3} w7 FAAE= S4GI2, SEN4 B

= 5 HA, st A oA wEe] St

= AR &H F FAA, S S4GI12 R SEN4SE 22 =3 3" fiAEY $EEE
oFF N ol & 354 o] TSt 45dA Hhel LA E JFA=H Blsl, ATHGI ox-5
oA ol M= SEN49] Tdo] 55 HHAE HEtH oy opg Y T Hrol= E4 vA

A Fale Aoz vehgth 183l ATHGI ox-69 A% SEN49 wrdo] 5597 okt =713
= Aoz Jelygoy 1wy Ayl 23] vu|d Ao Z Helth T3k S4G129 wrEe] §)o]
M= ATHGI ox-5% ox-6 ¥o|Al EF= ol § 60d7HA] A9 Tdo] HA &= Aoz e
WChFig. 32D). ol#d AMAS FHNEE ATHG! FAAE BAE FFAA =3t AgS

(A) (B)
Col-0
ATHG1 ox-5 5 :
ox ~
"
ATHG1 ox-6

—

D), S ———

Relative value

Fig. 33. ATHG1 ZYS YEXMEHA 9| of-Fx 2l CHEF #HYEAN S A), Y54 &2 ®), FEH £8(0), 22|

1 L3 O REAL] L 2H(D)

ol o] w3 A P 5

w32 2ddn GEA 4 Ao e 4THGI HdE W
2 2 (rosette leaf)= detachd}e] 3mM

15
of T, Altholl A o} - 257 3-4%
-m TA1Z &, HEHE A8
;q% R =stdd {FAA EHS oF of
7174t oF w1 7%% °H7VH’41 OW'@H B AP F 49 o] % <o g3t Aol

AstA vette™ 8AdAFE o] FAKnecrosis) 7 o]

ox-62] A7 19| F3 Aol 12¢ o] FHEH UERi se AAL 2}914(Fig. 33A). 4
54 %‘%*01 o1 opF ol B, AFa el dAY F 6 olF |
Ag)etA] Fe A oF 10% A= FXE Vbl oW, ATHGI ox-59 ox-69 7%, 69
= 50% ©]de] =L S UEtHFig. 33B). oF Aol 3 FE EE& WIe d=L



S Wstel ol ATHGI HEd WHolAldA &4 A7 A8 AQdEES & F AU (Fig.
33C). 3, bRt A F SEN4SF SAGI2, 23 BJEH FHAQ C4B29] @E FFS
ZAE A, ofgol & HE F o6UA SEN4S} S4GI29) EdEo] #AF FhsteH v,
ATHG! 43 WolAle & A 71T & AFHoZ =3tz AxR FHAR] SEN4%}
S4G129] Hdo] A3 JAHE AE & F UATHFig. 33D).

120
(A) oAB = (D) S
0 2 4 5 0 2 4 6 DAT e | I BATGHT o5
oo ‘/_h‘ . '_", ; ‘Q\Q g L ATGHT oeb
)y ' > =
Camil i ¥ ; i = § =
W D .l & o & 5
ATHG1 o 5// O ) ./‘ A ’7, iﬂ, i |
ATHGT 0x-6 mﬁ ) J/J , ‘ g &
S
S
(B) (E) °
'rf-foox-§ B 0 DAT (30 DAG) 13 DAT{(43 DAG)
DAB
(4 DAT)
B ||
(6 DAT)
Mock H,0,
(C)
Col-0
ATHG1 ox-5 ’
ATHG1 ox-6

Fig. 34. ATHG1 ps
D), J2[1 7tF LAE A0 of

ATHGI 3E@ WolAe] =3} o] mE Alx AHE 3 H0,9 F2S E4317] f8te T,
Mol A ol B 25U 3-4H < (rosette leaf)S detachd}e] 6L 7F FAFEj oA wf 2 7HZ o
2 4& Hsld, AE APE 42 TB(0.05% Lactophenol-Trypan blue) 4 WH-& AM&3sIH S
™ (Koch and Slusarenko, 1990), H,O, =Zo| Ws &4 DAB (3, 3’-diaminobenzidine-4HCl,
0.05%, pH 5.8) 944 WH(Thordal-Christensen et al, 1997)2 AF&3le] GAH & Hw|7d 3o A
HEAT. 2 A, A7 kAR Y B dAE F 49 o]F o AE AFE 9 H0,9
2ol F43A doiut 6dA HXE ]—‘ﬂr“?iq. ol gt AMEE Y9 =3} P2 AE A
I HEo] ROSY %3, 53] 0,9 F2S& Fadvds AS el ok 338 ATHGI 3%
T WolAoXeE dAlE et AE AR 2 H0,9 F3o] dAG] AdES EHo FAH

= &
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(Fig. 34A, B). WetA ATGHIS 2=9] =3} AAS Fstod Ax A2 2 H,0,9 53 AAs

sl Ao R HGHETh ATHG! ¢y
= 0,9 53 Zart ddzxo= o &4 2Ef 29 stuql 4t &
e AFst=AE Fstr] 95t ﬂf H,0, ZEd# 2ol g #34

K718 ok E BF H:0, el F 444 o] &3} @G 2 4
Eal

3044

AAANN e AE e ws Bt fu

A= FFol AoAHE 27) e 70% ©14S FASt A THEFig. 34C, D). o]
o ATGHIO| 2129 48} 2Ed 2o Wg AFAS AFdcke AL Jujgieh

FRAT} HgaEd 2ol HANE 4GS AFHEAS A7) A5kl el &
A=

ATHGI®] T8 WolAE 139 &t 7t Agsta, 2 sl dojube AA 4
o

of x¥FH Wstet 4= JHAT 4o FA WSS Blaste] JhEel e AdA A=S &<l
sttt 2 A3 oY A HE ThEel s Aol &3p FAJol 5&5d] IFHS & 5 3
Rom, L3 sle] FA] oAM= ThEel ofste] 27] FE) 30% °lstE dAT] HATE
& AAG. 20l HIEt] ATHGIS] FEE WolAle 7hr Aede 9o F37F o3 Wy
Ha glem, 3 o) A AoME ke APl o3 o] FA T A9 dojuA
orkTHFig. 34E, F). o213t AFA S ATHGIO] 7}E ZE# 2 dlolAiE A& £1 B{s F
et 7hsstAl &l AE9 Jhe 2EH L0 ti AdE e Aledve As vttt

(&) Auto GFP Merged (B) arp DAPI

GFP control

ATHG1::GFP

Merged White
Fig. 35. Reporter XAl GFPE 0| &8t ATHGIS| M =LY ?I%[(A)2} DAPIE S8t &L L& &olB)

ATHGI

a1 _O,]

=

AT-hook RE|ZE 7}A]31 9JSo] T&EEHJG. o|H FEZ
ZAE WAL 2A-A == AAL QAo A ®

ALY AVNEERY fFFEHe ZYHEHE AMES dHolgHola2 g Aa
=0

o
LHE s Rz Solt. wepx] & EaEe &
ATHG1 @) do] o g o]Fs=A AFE A3AY. WA reporter gene> Z GFPE
3 ATHGI 53R A% pATHGI-GFP WEE A2l ol ATGHI AlXu <

‘]—g— glst7] #1alA pATHGI-GFP WE S °f 714t AF ZA el transfectiond ¥ FF AW 7
2
[e]

sto] #&EsR I, e 9% image= DAPI (0.5ug/ul) staining **H(Subramaniam et al.,
E3tod stk 1 A3 ATHG1:GFPS] T&o] 8 o 22 ggoz Yelhds
%= 91SITHFig. 35A). Autod]A BL Moz wole 7S F2Aolth o]HF I @
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IS FAstE DAPIE o]&ste] |As A7,
ATHGI:GFPY| &&o] oA yehdS A 4 AUATHFig. 35B). °]= ATHGI T o] 3|
1 S HoFE Holth

o,

Advanced RAM HO|AZHE Aoz F& 7|54 A FRAA A7|sd #& A=
=35t 7] f8te] AARRIA T A8 ARG 2HAH {FHAE] U sense and/or antisense
constructE A X3l o] of 7|F ] =43t MolA e RHFF VT B4 2 FHA] V)
s BAE F35AT olF GIR213464 WolA o] FAAH RS A4G357602> A ITAS

=

[e)

st T1 FAAE A EA A =3 Xdolgle RdFH EAHAES F3id 2 AFES
At4G35760 A AS GSDL2 (Genomine Senescence Delay Line 2)Z WMH3lal, A& 4+ A%
2 2EYA YA 7SS e GSDL2 SFARE 7| AYEEE 2] 95t tren pe

34 FHsA

off 717t ] hypothetical protein(GeneBank accession number NP 567988)%] 7|4 &g 7|Z2&E 3}
of NEWHE 308 FAHI ASEAL Bgllle] MEo] £3E FudF 3 g}o]m(Bglll/A4G35760
SOE-F, 5-AGA TCT ATG ATG GCG AGG TTT GTT TCT GT-3")9}, M EHIE 42 FAF I A
StE A Xbal®] MEo] Xshd IureF ko] v (Xbal/AtdG35760 SOE-R, 5-TCT AGA TTA CTG
AAG TTG ATT GGT CTC ATT-3)E @88ttt A7) F Zeto|HE AR&St of 714
cDNAZF-E PCRE ©]&3te] A% cDNAE FF3ta #83t

%71 22 H cDNAQ ¥4 A3, oF 404 kDa® EAFS 2 376709 ofw=ats 4338
1,131 bp A 7|9 A} &l E(ORF)S 7FAaL lom, 7 7H A&(exon)oZ2 FAE U
3‘2}1]3}@‘ o1, o]= GSDL2(Genomine Senescence Delay Line 2)Z W= AT 7] FH1A7F &
$.3}3l= GSDL2 w4zl 9] —‘L@(lsoelectrlc point)> 4.712 YEFSTH O]} FAHA= o]%ﬂ;‘q

2}

AF8-3te] "GSDL2" &8 "GSDL2 +7AA'g sha, @l d e "GSDL2" 22 "GSDL2 Tz

2 Bglll®] A do] x3td A xzgtolw L AT Ea A Xbalo] MLEo] g IHrgk
zalolmE o] g3l of7|Fthe] cDNAZRE PCRE ©|83t GSDL2 cDNAE SEZ3l5th
| DNAS Ag&24 Bglll¢t Xbal 2= A@3}aL, inducible promoter°1 SENl ZZHE
S W2 A2 pCSEN #WE A2 Wgo g FEYste] GSDL2 AR ek %
Al pCSEN-GSDL2 A Z3 ¥WEE A=stAth. 47] SENI Z2RE= A= A% dA
gt BHEE FAA el Solds 2=

S, Fig. 36A+ pCSEN W Eo] GSDL2 A&7} Al wakoz =9)% pCSEN-GSDL2 A=
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HEHE A1 2dolth A7) pCSEN-GSDL2 AZY HHE of1=zutegw FH A=
(Agrobacterium tumefaciens)®| 4P EZ E Y o] M (electroporation)d = ©]&3td TUAIAT &
AFASE ofaZute g5 vl gA S o] &5t of7FH FAASS TR F, FJAATEH o}
s AS BEAA —%Z}(T £ Tt fxToE2e FAASEA FS oY (wild

=
type) o714 = GSDL2 F3A7F £35 A ¢8-S ¥ E(pCSEN HE)Wro 2 FAX 8 of 7]
A S AH83FATh pCSEN-GSDL2 WEH 2 FAASH T, oH 713 GSDL2 oxe= W F~(GSDL2
AR EEA 4> HE(PCSEN HE)vro 2 JAASE f7Fd 52 ofAE of 7174d)

7 wol ¥ 65UA 25 FAFL HlwEe] B w, SRAE GSDL2 ox HolAEC] 1 o
el F33 XA 54 shxlon), FAAE AAANA olelF FH A% dde] A=
] HﬂDPE‘r E}Eﬂl UrE‘r‘a* of 7]13te Aoz ATdHL) ofLy 2 F

o

(a) EcoRI  Belll bz

pPCSEN-GSDL2 vector

GSDL2 ox Col-0 GSDL2 ox

Col-O GSDL2-0x-12
GSDL2
TUB

olgt FAHAE f7FHY HHF WIE BHod FF3] sty st T, FAAE 4717
HEFEH T, S TAE o} o]5 #lY AP S AU AEE A7 Fd T, &
AR HRlEY 2HE 02 ol & 5044 35 A th(Fig. 36C). pCSEN-GSDL2 T34 &
YA 3L A= GSDL2 ox-12 WHolA 12 of 7]t ok &(Col-0)7 ®luste] & uf, T, Ho|A

O

o iR AEAe 9 94 @4e] FasA Jerrer, dde 49 94 a4e 3
Q) vheh ofzhd Folzh Y ol A Fudel el uirh 2FH Hol7k gl 7]
Qebe Ho2 ATHEL o}ge) o]F WolAEL S A wAYWT ol 51 AF 5
G AR =7l YoM E FRF F7F @l FEHAKTE ol F AHER GSDL2 A F
g A geol A= AA 27 T3 22 F=e A SE F8ste AoE ddd
ohomebA B FAA B AR A8 ANE Sl ZudA W At e dew



W AFRII S 7= WHolAlY GSDL2 FRAY BE S BA3F7] sk wol &
ot A3t o 7)1 kMBI GSDL2 ox-12 WMol o] Qo ZHE AX RNAS ZHzh +
Z3t RT-PCRES 5333 A, of71 4 ok ol vt GSDL2 ox-12 WolA ¢ GSDL2 3
Zpe] W o]l #A 3] ZlEE AL DT 4 YU W (Fig. 36D), o] s ALALe B o]
GSDL2 f+37ke] T AA Y-S SHskal Ao
GSDL2 &g w®lolA o] % A% ¥
B 3-411 F<H(rosette leah)= m 5w}
ofE of71iddi e} WSt 1 A

FA3HA UEtse ™ 3548 FEH Qo] I AKnecrosis) “FE] 7@1012};&:}

735 Aol &3l Aol 35¢ o|FHE JPHAow o] AL P2 45U H’%Ei Ay S
g1 4 AUJTHFig. 37A). o]EE AN E m|FojRol GSDL2 FAAE AEA £ A%
N Fod dge gt ga ddEoh

GSDL2 ox-12

® |

e

RaAm()

40 -‘r -+
20 Col-0 J_ _ w\
@ GSDLZ ox-12 L
o L IN \-
15 20 25 30 35 40 45
DAG

ok

Fig. 37. GSDL2 DILBIA|Q| Lio|-2ZEX L3fof CiEt #EEN S A FEd s H

FFAH 528 2 59 WH(Plant Journal 12:527, 1997)& o|&3le] =AU 4 Z
DAG(day after germination)®] & 15%7F & A =, 2E & #47|(Plant Efficiency
Analyzer) (Hansatech Instruments, Morfolk, UK)E ©]-&3l FE549 FFS S T34
&2 HE49 Pz 5SS o] &3 PSI(photosystem )] Z3}8H2 & & (photochemical
efficiency)@ YEM A =dl, 3% )X (maximum value of fluorescence; Fm)ol| tig+Ht] =3
& 3= (maximum variable fluorescence; Fv)9] HIE(Fv/Fm)Z YEN AT A7 X7 =S5
Bed &0 TS UEdY I A3 Fig. 37Bo| EAIE upe} o], ofAlF e Wol &
2 A3t7] AFE] 359 o] FRYH &Aoo tREE AEREeY, GSDL2
FH 249 4% FAavt dowth 37 AHEFYE, GSDL2 HE

HolAl = ofdE Hla| Ao o] AN 7 RAF S 2= o= Yeyon, olug &



58 4R F¥HE =g BE A5

GSDL2 ox-12

0 2 4 6 8 10 12 (Days)

g

2 |

E 6o T

! ¢ %,
2

H—t

L]
R e

10 12 o 2

® colO
—#—GSDL2 ox-12

o 2 4 B
Days after dark treatment

Fig. 38. GSDL2 nftsix|o| ef-wx 5o CHSt ESEN S, d&d g2 H g4 &2 vst

4 6 L] 10 12
Days after dark treatment

[\'\w
-

=315 Exsg 3 A o Ao e GSpL2 FEE HolA Y Qo] =3 XA FHe &
AE B35 st T, Mdlel A ol & 25U A 3-48 FY(rosette leaf)S detachdle] 3mM
MES £+%-8 9 (2-[N-morpholino]-ethanesulfonic acid, pH 5.8)°] F/FA171 &, & AHE /X35

= L = Oq
wf 2duith BEE B, A 454 FFE P 5&S A9 §YT o FA3
stk 1 23, AW opE Y A A 1o} &

HASA YElste™ 6dAFE Slo] I AKnecrosis) FER Ol A
ox-128] 75 o] &3 Aol 64 o|FFH YEhta 8UAFH ¢l JMW} 23 = A H(Fig.
38A). FHA & Wkl oM oRF ] A, B EEo dAE F 6dA o ¥ F4

o
oz
oft
2
~
o}
k<)
S
=
=

& ZHaE Bol: W, GSDL2 ox-129) A% o HE] F 10940 P 6UA FPA &
&3 vS=SHAl YElSth(Fig. 38B). o3 g AMES GSDL29] Hrdo] & Ao 9 Qo] =
3l AAA7IE As gulstH, ol £ FdAVE AEAY ¥ dFES fFEsied F8%
qEs FIste AFgTH AEZ S F Utk GELY FF FAHS A3 4 AE 4SS
80% (V/V) acetoneS Ab&3te] JE24LEF FE39U0 924 FHS 6632 nme 664.8 nme F

F  AFE  o]83td  Lichtenthaler2} Wellburn®]  WH(Biochemical — Society  Transduction
603:591-592, 1983)0] we} ATk 1 A3 o Ao % A=A FF Wabs FHA &
& W3lel 2ol GSpL2 IHEE WolAldA B FL7F dAS AdES & 5 AATHFig.
380).

GSDL29] & HolA|o Wk 4 A A (drought tolerance) F41-2 3mM MES &
7

NaCl& H7bste] ol 3 259U% 3, 41 S detachdt] floatingdt < v 2 o=z 9o
2d¥H 54, FHE 528 2 454 FFS S SOl 2EH 2 i AYY FEE
EASEATE R71dT of @ e AF NaCl A $F 44AFH 4 &3 A4 gEo] FAL
Aol frgEe W, GSDL2 HEd WHo A= 6dAAE 1o 3t AT o fdE
ANe ¥ Ao AL A4S AY oA FRATHFig. 39A). olH g R8T A EAS FFAE =
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& G54 GF Wstel 2e A AR 2AE Fok B4tk 1 A% 3R 58

& SR F o] NaCl A ? 6dA 7] Feje] 30% =2 F43] Fad Wi, GSpL2 HEd

@_Olilfﬂwh 6dA = 7] el 70% AEE AL AATHFig. 39B). olH 7 AL

GSDL2 23 ”‘*01%17} 6 &<t NaCl A= 3] FFY s8= 7ML As= o

R, o= GSDL2 #AA7F o 2E# 20 tid AZde Aedvhe AL v =3
Sd FRd e %

GEa FF Aol YIME GSDL2 T E Wol Al 2 2
WlchFig. 390). old @ Abde GSDL27E 2 Ze] 5 Aguer ohje} 8o
HE AFHE AFBHE AL e

(b) 120
100 HCol-O g 100 ECol-0
H GSDL2 ox-12 = EGSDL2 ox-12
— a
3 80 2
- o
o
§ 60 = 50
" 4o )
o
o
20 =2
o
“ 0
0 6 0 6
Days after treatment Days after treatment

Fig. 39. GSDL2 TIE& A 2| NaCl ME[of| Ciel EHYH S, ey 52 F A5 2 Hel

GSDL2 &g oA 7t o) F 24 2EH 29 sl 4Fsd ZEd 2o tig AFAS 7HA
A& &13t7] At 3mM MES &0 4mM H,0,5 F7bste] ol & 2594

detach3}] floatinggt ¥ v 2 7FA o= Slo] RdF A 54, 3L 888& 2 E€5

=43t H0, __aﬂ*ﬂl o & Xﬁﬁ“é AEE AR H713d ok E Y 7

to tlo rr

F

| =
CHFig. 40A). o]H3 AP H EAHS B3I &8
ZAE 53l By O 2 FPAH a8 oo H0, AP T 49A 7] el
5]

=2 F43] A% 9, GS

S
NS}
i)
W
et

1S
E
NME A3 FYFAF F8E 7R 5= YERH, o] GSDL2 A7} *Pﬁ‘rﬂ 2EY X
A=A gk W3 oA xE GSDL2
A a5 22 S YeEAH(Fig. 40C). oleld AHE L GSDL27}

= &
A= F AFERE ofye}t AEe @ 2EdA B AsHE 2EH 2] tig AYAE AlF



I AL ovlan, B f 2k
e ANTL ol S 242 )

(b) 42

mCol0
E GSDL2 ox-12

FviFm (%)

40

~
e

0 4 0 a
Days after treatment Days after treatment

Fig. 40. GSDL2 ZHUBIH| 0, X2lol C4Et EHEN S7, ety a8 ¥ FE2 B2 g

5. 8 A ZA W= ARF? (Auxin Response Factor 2, H-5 4 Z%)

2 AFELS EMS mutagenesis T3t FHE WHolAZHREH =3 AAd nIIS VA=
orel4-1 WolA S AWl w3lo] 3 AFES FFsATE o] B F mutationS 2] E-2o] Ao
A 01X pleiotropic effects 7HA™, THFH EALS U4 ZU; aerial organd AT F71,
floral bud opening® A, /W&t A, 221 7] =3tol] AA ] A (Fig. 41).

orel4-1 Wolo] T3t FHAAES FAH3 7] A5t map-based cloningS 33T CAPS
markerS 53+ %7] genetic mappingS 53} chromosome 52] LFY locus®l| <153t OREI4E
S F AUTE ok EH wolAlo OREI4S] AVINES Blugt AH, orel4-1 oA A
auxin response factor 25 encoded}= At5g62000 +7Z1A}2] translational startol] 4] 1673 ¢ X]2] X
(G—A)0] oS & F AUTHFig. 42). ©]# 3 mutation> ARF2 T A o] 558 2] ]9
A Z7] stop codonolg._«] A3H(Trp—>STOP)S &3t} whebA] orel4-1 WHolA| o RdFH &
A& OREH4 32 75 &4dd 9ste FaEHASs & F ATk ol s AHdE OREI4
- A2] knock-out Ho]A o] A &1} % tH(data not shown).
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Fig. 41. Whole-plant phenotypes of Arabidopsis wild-type (‘'Col’', left) and orel4-1 mutant (right) plants at 35, 46, and 65
d after germination (DAG).

A
LFY (116.9 cM
MNC17 (114.6 cM) (,=‘2”°4§) ) GSA(121.1 cM)
Genetic | [T |
1 1 m|
markers
0.07cM 0.03cM
K22G18-A MTG‘llO.M
L T T 1
(r=21391) (r=1/1391)

BAC

Predicted
genes
Unknown protein Auxin response factor 2 Heat shock factor
B .
1 100 200 300 400 500 600 700 800 859 amino
acids
start 2
——— B3 ‘- ARF L WP
ore14-2/arf2-11 orel4-1/arf2-10
CGA(Arg) ->TGA(stop) TGG(Trp) -=>TAG(stop)

Fig. 42. ORE14 is auxin response factor 2 (ARF2). (A) Map-based cloning of OREIl4. The number of recombination
events between CAPS markers and the ORE14 locus (r) is shown; BAC, bacterial artificial chromosome; cM, centimorgan.
(B) Schematic representation of ORE14 with positions of the orel4-1 and 14-2 mutations; B3, DNA binding domain;

ARF, auxin response region; AUX/IAA, domain involved in dimerization with other ARFs or Aux/IAA.
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orel4-1 WolA Y =3} XA FHAS &Rlst7] 23l], emergence & 129 o] FHH 3-4H g
(rosette leaN)S Wi 4dvitt AESE, FFAH 4, 954 T, 183 ion leakages S 3}
oFAFE o7} vtk 1 A, of 71 ofAF o A 28U o]F 4| I3 #tol
F43HA Yettor 369AHE o] FAKnecrosis) FEIO HAEJT. WHA orel4-1 HO|A]
o] A% o9 F3 Aol 369 o]FHEH PHFIYoM Ao AL AL 4Y o|F 3
APPDE FAT 5 AATH(Fig. 43A). |8t AMLZE m|FojHol, OREl4 FHAE &4 =

Aol o] T3 4TS et Tt AdE. =3 wE AESE, Y &4, 17
=

i
& g Wse opF] A 28Y o]FHE F4% HAE Holw Wi, oreld-1 W
A

ojAdl= 32 o]F M3 TATS AT 4 UUTHFig. 43B-D). $HH ion leakage W3t ©|
&} R E orel4-1 WolA oA F7F Aol AAS] AAdHS UL F AATKFig. 43E). 7]
AR RE, orels] WolAe opEo) uls) o] ol WA 7 RAYL 2 Aoz uet
gop, oleldt #ueRe Evhs OREI FAAG €% A2L FF pr L FRAY 5E D
sz FE9E ool Be 4seH walsl Adgozs fuEe Aoz AzAg

A

B C

g 100 < 100
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3 g 60

E ® -o- Col g b

g 20 | | g oret4-1 5 20

» o - ° X
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o
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-0- orel4.1 S 10
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0
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s (M*®  muEy - |
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SENd | . wee
sz | N !.]
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H

Total
RNA

Fig. 43. Extended leaf longevity in orel4/arf2 mutants. (A) Age-dependent senescence phenotype, (B) Survival curve, (C)
chlorophyll contents, (D) photochemical efficiency (Fv/Fm) of PSII, (E) membrane ion leakage, and (F) Age-dependent

changes in gene expression.
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Lo
e
el
o
=

O EH orel4-1 WolAN A =8 7 A}(senescence associated gene; SAG)
wakz] ffsl, 4 g #AA I AR A wE 4 =3dAd FAAREY TAFEES

o v
Northern blottings 3] #9135t =3} vl# FHAE= CAB, RBCS, SEN4, 2 SAGI2 7

a o

AHS AFE-3FA T Northern blotting A 2T 2+& EtBrol 9= & total RNAS AFE-3FATH
CAB® RBCS 4AAY AS, w37t A&HE B9t 259 o] wngdos Aass vk

W, SEN4 B SAGI2 FHA] 75, =317} 1ﬁ:—ﬂ% ot 2159 Wdo] vy o F8he
A4S Bt opAFol vt orel4-1 WHolA Y A5, olHT FHA wHY A E FU}
Aol A AstES &AL F AATH(Fig. 43F). =315 FXgoha L oF Aol
orel4-1 WolA| o] o] =3} A FAo| SAL dA AT age-dependent senescence®t 7
73S JFATHFig. 44). o]8 3 AMAS ZgE|EH OREI4 SAAE BAZ FEAA =3

S A8t olF HE4A T, Y &8 T B2 AYF s 24T EHN

Moz wEFHOR 9 FPo AFL Fus

A
—e- Col
\‘? 100 ~0- ore4-1
PE- 80 —A— oreld-2 g
2 &0 =
3 i
5 40 i —e- Col
= 20 -0 oreld-1
(6] —A- orel4-2
0
0 2 4 8 8 10 12 14
DAT
D E
Col ore14-1
- Col
;:g‘ 60 | —o- oret4-1
g SEN4| - o e X X I ) |
g% 03 5 0 3 5 7 9 DAT
(5]
g 20 Total
S RNA
0

0o 2 4 & 8 10 12 14

DAT
Fig. 44. Delayed leaf senescence of orel4/arf2 mutants during dark-induced semescence. (A) dark-induced leaf senescence
phenotype, (B) chlorophyll contents, (C) photochemical efficiency (Fv/Fm) of PSII, (D) membrane ion leakage, and (E)

Age-dependent changes in gene expression.
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orel4-1 WolA oA UEl}E= A& 9 w3} A3 fio] 9F 373 ~EY
5l ~E# 2ol gk AFAS AFe=AE &2lsty] 95t 9F H,0, 2E# 2 Ag
g A

=
G52 FY wart @A

A=52 g Ao &3} Pl
o = = = [e] o =
Aol furEA gk wd A% g@d AGHE 27] A 8% ole HAT A
Uh(Fig. 45). o3t AbE-S OREI47F A&9 4Hs) 2E# 2o gt AIAS Azdves 3
ov) gt
A MES
__ 100 100
X
= 80 3 80
g, 23
-g- 60 £ 60
g 40 S 4
= —e- Col L —e- Col
O 201l 1 oret4-1 20 o oretd-1
0 0
0 2 4 6 8 10 0 2 4 6 8 10
DAT DAT
B H.O,
,-..100 100!
£ 5 =~ 80
= xR |
2 60 ?E 60
2 [re
2 L S 40
% —e Col . —e Col
o -0 orel4-1 2 - ore?4-1
0 0
0 2 4 6 8 10 0 2 4 6 8 10
DAT DAT

Fig. 45. Delay of leaf senescence in the orel4-1 mutant during senmescence accelerated by oxidative stress. The third and
fourth rosette leaves were detached at the age of 12 d and incubated under continuous light in MES buffer alone (A) and
with 15 mM hydrogen peroxide (B). Chlorophyll content and photochemical efficiency are presented as average per cent

values 6SD, relative to those of leaves incubated in light (n=24). DAT, days after treatment.
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A 3 A zd

1. 3AAEEL AE construct A2t

CREE!

B A" 7IFEE #£8 F3A i Iy FEASAES RSyl fske] uhFd
constitutive promoter(dual 35S, 4X 35S enhancer element, and ubiquitin promoter)E A}-&3} F7
A} 9HE constructE A Z5te] FAAES A5 H T S A= TPR domain, ASIZ 18] 3L

ORE7°|H, o]&9°l 3t constructe= T3 2o}
- TPR domain: pNB96-TPR (Fig. 11 Z%)

- AtSIZ: pNB96-AtSIZ, 1G-2::AtSIZ (Fig. 46)

- ORE7: 4X 35S::ORE7, IG-2::0RE7 (Fig. 47)

Sk W= d A9 f8 A gk Ay FAAIAE | ikelr] 918} constitutive ubiquitin
promoterE A& 0}04 A2 B constructs A Zste] FAHSS FRAT FHE FHAAE

=

=

AtGA20x4, ATHGI(GSDL1) 1813l GSDL2°]™, ©]Eol] 3t construct= Th23 2t}

- 1G-2::AtGA20x4, 1G-2::GSDLI1, 1G-2::GSDL2 (Fig. 48)

I B pnos

BAR | 358

;

358
Poly-A

L
B

Xho!

Fig. 46. ZIC| HAXEIE 28 4rS120]| CHSL vector construct. pNB96-AtSIZ(R]), 1G-2::AtSIZ(O}2H)
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Fig. 47. TiC| EAMES 28t ORE70| CHE vector construct. 4X 35S:0RE7(), 1G-2:0RE7(O}2H)
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Fig. 48. ZtC| HAXMES 9|8t AtGA20x4, AtHGI(GSDLI), 12|11

P35S arbes || L~"osim || pass Intran GUS nos R
792b (756bp) . (1.8kb) ||| (538bp) |  (2093bp) gl b
HcoRl Smal Hindlll
Bstdl Sacl BamHI Ncol, Bglll
IG-2 vector (~ 13.8 kb)
Arbes |/ A UB I s | T UBE
@seop) [~ 200 [ (.8kb T ISl AT
Hind Ecorl Hindil EcoR Hindll
Sac BamHi Saci BamH
1G-2::G5DL1 1G-2::GSDL2
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2. 7Y 3248 58 A

A2 Tl Hold callus AT 2 AHFHE 0] &3

AL olu] MPAFLE B AHXE F G, ZA 9 QPrI 21S

o]-&% FEAERE LS AAT 54%1177}74 el A Eshe
A ike] Wi ¥tk 53 FAAHoE P F o

AAE ] LA &7] wiel 71 e FEHY ZrEEvoze A

AzAlY SE7F ojee Aot EI AHA = F FEAG

) AYag AEsr7A oF e/ dolee 1 AlZto]l &

T 5Ee AASE 9ol stk mekd B ATNES FFAR] SsHAR ol
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YAABLL AT 4 &

A

I
=
+2h
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A
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Z7HFig. 49A)EFH AH2E FE8FL(Fig. 49B-H), F42<20 4
2Wbs Adlrstel MS A SAEA AN S St Th(Fig. 50). =xH
o Aui gt FAAZ F AEs AAS FASL AR sl 2
< SA/FA B AT (Fig. 51). 2479 AsFAbol A Feigh 30 A2 &3
A, 7 F2 Fefe Ay vt AQEsso] F AtolE Btk 1 F 37 FX
22 linedll A 7 E2 AESES AT & A ARsFol
22 line(37H FAto A FElsh B2 line)d] YHE WS
Fslal(Fig. 52), A3t A4S sl 27 deujdol st
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ATHFig. 53). w}a‘r A S o] &gt XY AYLE o8 FS FHAAS
=71k Ao 2 7|eta JAHSCIF =851 &

J {
W ore
ol
-

o o R &
2
)
X,

folr dlo
2

ztg ool AA| A 717} uj$- £ Creeping bentgrass (Agrostis stolonifera L., cv. Pencross) = %
x}% StHsle] AHAE FE3FA M (Fig. 491), ©|& Tt 1aE FEAS ANaHs o

Fig. 49. E¥IC|9] M=EXZ(A)FE R=/SA Sl | AE(B-H)I} Creeping bentgrass| A FE=Q1 Z{ A1, J).
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A 4

Fig. 52. SIEH ko] 25l S48 ALl MEEY HEN. A : Elongated cell, B: rounded cells, C: embryogenic cell
with a transverse and unequal division pattern, D: embryogenic cellular aggregate, E: compact cell aggregate with a

globular embryo.
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Fig. 53. SIEfH] 0l 2|af MESt ZB{X line2| E4{(A, B) ¥ MESHC-K)
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2RFA G4, 5719%, 2EA2 WA B4 59 V)% BAL AT 71z A7E 953
WA Aol e YPHoz By Sste] oy Ao Agre FelH 54 =
Absle] o]E A FE Atarxl §HTK(Table 8).
Table 8. ZC| X|&H5 | HE|A 4 24
%31 (cm) A4 (cm) 4 3 (cm) Sefdy # 519 = ©] (cm) AELTF (mglg)
19.9+3.9 17.8+3.3 5.5+0.8 24.5+5.1 3.8+0.7 1.04+0.19
oA, A A9 w=3s BAs) 9% Ae 4F =4¢ 9As ATk mgA 2oy g,
T 59 HAEA =3} A0 o] &EE W< detached leafs FA T8t =3HE QF o=
S3gt SAE AHNME w3 §57) /15EEE A =5 BEE B A 253
g8o] 75 Aolt}. =3} 3 =+ leaf yellowmg.‘?.i Az} Aty AFEAS 5
EA HFS A THFig. 54).
;DI] DI; D2 D3 D4 D5 ps Days
i
\T/
Sampling stage 1 l
1.04 mg/g OQéSmg:'g D&QF!’“;Q’Q 0.72 mag/g 051mg/g 014mg/g 003 ma/g
_ ﬁ . uma g
Fig. 54. 2 X2|ZE detached 2| 3} I M=
A9 x3lEo] viAe A¥HS 93] DEG (Differentially Expressed gene) 7] o] 83l /g2

o3 w3y} A o] Eo] Wy HFHAES BASIHTE Total RNAE A4 Ad} =38}7) ul
Ax PR oA Invitro geneAld] TrizolS AFE-de] &3tk A4 A3 =317
H 9] total RNAZHE] 12 cDNAE SeegeneAl®] GeneFishing kitol| 4] A F3}= ACP
(annealing control primer)E A}-83}4] Promegail2] Reverse Transcription System= 53l 37335
o} Z+2+o] sampleoll A A E 12+ cDNA+ 5°]4 DEGE A& 98] GeneFishing kitol] A A
F3h= 30% 9 arbitrary ACT primer2 PCRS F3J3lo] Eo] e FHz5 AEsAT. 4842

_|_.
Y
o2
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I} 30702] arbitrary primer setZHE A U(Green stage)ollA o] =2 2709l DEG
(21ZG1-3, 24ZG1-1)E HEstH e =317} 3% (senescence stage)oll A T&Ho] =2 47) 9]
DEG (5ZS1-2, 6ZS1-3, 6ZS1-4, 27ZS1-1)E & 39 tHFig. 55). @A Z+ DEG FAAEY 7]

LS 243 T databaseS ©]-8314] Z} cloneES E493}3l I TtH(Table 9).

ACP5 ACP37 ACP44 ACP47
ZG ZS ZG ZS ZG ZS ZG ZS

Fig. 55. =5t =M Qln} w317} XEl=|= 29| (DNARFE 20| DEG screening?| Zm}. (A) & A
H=El =2 Q(Green stage)t ‘w3t7}F FISHEl Q(senescence stage), (B) &=El =AM ot 57} ZISHEl 2 £0|
S DEG. ZG : Zoysiagrass green stage, ZS : Zoysiagrass senescence stage.

>

Table 9. DEG cloneQ| H7|MY EAMZ D}

Accession .
Clone Organism and cDNA homology
number

57ZS1-2 NP 001043344  Oryza sativa hypothetical protein
6ZS1-3 NP 001151338  Zea mays plant specific subfamily of the SGNH-family of hydrolases

6ZS1-4 Q8S2U8 Zea mays Plasma membrane H'-transporting ATPase-like protein
277Z81-1  XP_002447205  Sorghum bicolor lon transport protein

21ZG1-3  NP_001064711  Oryza sativa hypothetical protein

Zantedeschia aethiopica
247G1-1 048550 . ) .
ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit
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2. TPR-ZT] FAASA Y4 & A

7h. TPR-ZHH] A A S A4+

18 Y FEAPS WS ol&st FE&AEISE fFx)el AFTH oi7IFH TPR
(Tricopeptide repeat domain of PAPP5 in Arabidopsis) G9<S = 3
Aretdnr ols A Ide wstAdS A F(Fig. 56), vkaE Y WHog 13} A

FAE Foz niAEtE AIXste HF AEst A ohFig. 57).
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Fig. 56. TPR ¥10| S0{U= HEFME SNZC|Ql MAL HEMSHA|= phosphinotricin (3-5ppm)0| S0{UE= HHX|0|

M ME

o ) ) )
Fig. 58. TPR-E &M &tx|| 9| HIAE} X

o 24 4tk HelE YHE oS5t

o ST 0f HIAEL NMEH &4 Sith HEAEL
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. TPREY FEABAY 444 =9 2 2H 24

Hh2E X AE3 f‘%‘@zﬂ% sl sl A
¥ A8 = oF= PCR R
FP3tA Tt ok P TPR-F A% f& Ztt] 9] Genomic DNA(gDNA)E #2]8F & PAT(R}2~E} A
F A7 2 W FE FHAAHATPR)Y primers ©] 838t PCRE T
A =9 #3127 EAe] SlHNeH, £ =dd Y THAS FAsHr] fls)
total RNAS 283 & 1%} cDNAS FA3IAUI o] cDNAS o ® PAT @ TPR primers

(18310 CRE £ Ak AT FAYS Vel EYFIAS i) A3 A9
THFig. 59). ©]&s+ A3}= TPR domain®| FFJH oz FZ AUHAL, Fre| AFHo=z
HHsit= AS St
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Fig. 60. TPR RAXE T8t §EME SDRCIQ Yy =SE
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3. ASIZ-FT] FAARA AL & A

7h ASIZ-ZY FAAFA B
ZHo) €} creeping bentgrass, S %ol ZFzZF = QA
Z 12 AEsga A3AS Hel FAXIAE

Foz PAT SlZ B oRE BASE sip st AAG] HE AU (Figs. 61-63).
] t+= 7 line, WEIZH2E 3 line, SZTE 2 line2 &H3}

o &

3 %
R R

Z &t bentgrassQ| MEt
ZefA MEh B, Shoo
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. ASIZZY FAABA) 424 =9 2 2 24

L
C,
el
M
%
o
>

Hh B A F AES A Ao Ee dEiA FRA4 =Y 2 2 |
E 82 =9 %< PCR Hc} o=, a3 XA ¥d oF= RT-PCR HH
st ofE ATSIZ FZ A3 7] 2] Genomic DNA(gDNA)E #2] g
(41S12)°] primerE ©]&3l] PCRE S A7, FAx] =¢o] RIS
FrAzte] WEe RT-PCR WS Tl gt th(Fig. 64).

MPCWT 1 2 4 5 8 1011

C
AtSIZ

Fig. 64. ASIZ REAIL] £ 2 W& £l A, genomic-PCR; B, PAT protein detection; C, RT-PCR

AtSIZ 53R =E FAAS A ES $£3)5te] FAAS AEHA 1o A A u) 3) e
2EHA 8 4 2EHE ARLE HEST
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Ho (m
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o
-

NaCl 7‘13] < op\gsg e et JAEx% d%l' oo 454 FEFs 4 7\—3_5’/}, Az -’lEgﬂj\ 7‘1
g 39 Ao} o] ofAY /Y PAFA FEFS F438] gAsidoy FEHE IJY lines
AMe PS4 FEol A3 Faste AS AL F UATKFig. 67). 3 AdH 9%
25 mM NaCl &8 A incubation A A S W ASIZ AR A EEL oA EAHT} o ~

Edlzo) U@ Aol FAHNLel FlH ATkFig. 69)
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4. ORE7-ZY] FAASA A4k 2
7}. ORE7-Zt] A AZA A4k

ORE7 f+737= f71Z ol Eeld =3te] SAX™ARA 57 RS HHog Y
FAHEstAT. 7] geE dEujS AAE o] &3t =3kt % Creeping bentgrass (Agrostis

Z}zyell ORE7 374 =U& Al=stit 167Hi1]9] A PAAS
AWrE Q) 0 W (Fig. 69), 3t A9 A FAASA AE 2 &
2} 7)e 8BS 3 FToll Atk A¥EH Creeping bentgrassE Ao 2 Ak vl 9l upxg g
’d PAT @ d BAEA S Fal FEASALS AT &2 stATHFig. 70).

stolonifera L., cv. Pencross)

Creeping bentgrass 2] & A7}

Fig. 69. ORE7 RHMXIE Z
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& Meuix|oM HHE ¥
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Fig. 70. ORE7 FH™ALE TAIZ! creeping bentgrass SZE X EHAIZ9|
PAT THHZ A

[
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}. ORE7-ZT) FAABA 437 £9 @ 2H B4

PAT ©@91d IR Ay A whgS Bl FHAHABAZRE Genomic DNAE EE3 &
PCR % Southern blot #4218 A A]s} o1

o] &3} PCRE 433}

T-DNA upzo] EX &= Vir e Ay, m=
negative 5435 ZFHTHFig. 71). ©olgist AF= F53ZF ORE7 PCR product’t Agrobacterium®l
9] 8k contamination®©] o}YZt= AL YERAT
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2
S|
7 A}-specific  primers

7 NT1 NT2

Lo I

T-DNA(ORET) Vir gene
Binary vector TiPlasmid

Agrobacterium (EHA105)

Vir C specific primer(0.73kb)
Fw:ATCATTTGTAGCGACT
Rv:AGCTCAAACCTGCTTC

Agrobacterium persistence in regeneratedshoots
Fig. 71. creeping bentgrass S &I &t XIC|Of|A{2] ORE7 gene 2 E=QI&0I, (A) EEXNE AZH[0|M E2|=l Genomic

DNA, (B) ORE7 primerE 0|&8t PCR M, (C) VirC primerE 0|88t PCR M2

=¥ ORE7 9] W& 2Ae RT-PCR WO E Falatgdon, o Ay RE wolA| oA
ORE7 4327} AAH o2 HdES 31 thFig. 72). ol8ld £4S Edle grH 16 3
AAZ ASo] 47 5YHQ line$l A <13} 719) 8 genomic Southern blot #41S F3 314
o 2 A3 o] 2709 YA FAAH lines 2 A H ATh(Fig. 73).
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LAS—4200 mini : exposure time 10 min X-ray fim : exposure time 1h
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Enzyme : BamH|
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Summary

Leaf senescence is the final stage of leaf development and is finely regulated via a plex genetic reg '

network incorporating both developmental and environmental factors. In an effort to identify negative
lators of leaf ser , we screened activation- d Arabidopsis lines for that exhibit a
delayed leaf senescence phenotype. One of the mutants {ore7-1D) showed a highly significant delay of leaf
senescence in the heterozygous state, leading to at least a twofold increase in leaf longevity. The activated
gene (ORE7/ESC} encoded a protein with an AT-hook DNA-binding motif; such proteins are known to
co-regulate transcription of genes through modification of chr ti hitecture. We sh d that ORE7/
ESC, in addition to binding to a plant AT-rich DNA fragment, could also modify the chromatin architecture, as
illustrated by an altered distribution of a histone-GFP fusion protein in the nucleus of the mutant. Globally
altered gene expression, shown by microarray analysis, also indicated that activation of ORE7/ESCresultsin a
younger condition in the mutant leaves. We propose that ectopically expressed ORE7/ESC is negatively
gulating leaf and suggest that the resulting chromatin alteration may have a role in controlling
leaf longevity. Interastingly, activation of ORE7/ESC also led to a highly extended post-harvest storage life.

Keywords: leaf senescence, post-harvest storage, AT-hook protein, chromatin architecture, activation

tagging, Arabidopsis.

Introduction

Leaf senescence is a developmentally programmed process
that involves largely catabolic activities leading to the
degeneration of the leaf. It is a highly regulated processthat
requires sequential and orchestrated changes in cellular
physiology, biochemistry, and gene expression (Buchanan-
Wollaston et al.,, 2003; Lim and Nam, 2005; Quirino et al.,
2000}, One of the distinctive changes that occurs during
senescence is a rapid decline in photosynthetic activity.
Other metabolic changes include hydrolysis of macromole-
cules that were accumulated during the growth phase fol-
lowed by remaobilization to the growing parts of plants, such
as young leaves and reproductive organs. Therefore, leaf
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senescence is a critical phase in the plant life cycle that
contributes to the fitness of plants by relocating and recy-
cling nutrients (Bleecker and Patterson, 1997, Nam, 1997;
Noodén, 1988).

Although leaf senescence occurs in an age-dependent
mannet, it can also be initiated or regulated by several other
internal and external factors (He and Gan, 2002; Lim et al.,
2003). Internal factors that affect senescence include devel-
opmental changes such as the formation of reproductive
organs and changes in levels of plant growth regulators
such as cytokinin, abscisic acid, ethylene, jasmaonic acid, and
salieylic acid (He et al., 2001, Jing et al., 2002; Motris et al.,

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd
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2000). External factorsinclude temperature, nutrients, water,
pathogen attack, drought, and detachment from the plant
(Buchanan-Wollaston et al, 2003; Quirino et al, 1999;
Smart, 1994; Weaver et al,, 1998). It has been suggested
that all these various factors act in concert in a complex
mechanism to finely adjust the life span of a leaf (Lim et al.,
2003).

Leaf senescence can be detrimental to yield and quality in
agricultural crops and also contributes to post-harvest
losses in vegetable and forage crops (Buchanan-Wollaston
et al., 2003). Thus, increased understanding of the mecha-
nisms controlling plant senescence should have great
potential for agricultural improvement. Despite this, a
genetic strategy to manipulate leaf senescence has been
limited, in contrast to the case of fruit ripening where the
benefits of controlling post-harvest characters have been
well demonstrated. In order to control the timing and
progression of senescence, the key regulatory molecules
and pathways must be identified. Therefore, we have carried
out a series of mutant screens to pinpoint genes that control
leaf senescence in the madel plant Arabidopsis (Kim et al.,
2006; Oh et al., 1997, Woo et ai., 2001, 2002).

Our initial screen for delayed leaf senescence mutants
was focused on loss-of-function mutant pools in order to
identify a positive regulator of senescence. However, redun-
dancy between pathways means that loss of a regulatory
element in one pathway might not significantly alter the
senescence program, thus limiting the scope of this type of
screening. We also expected that there might be cases in
which senescence is controlled by negative regulators. In
order to identify negative regulators of leaf senescence and
to overcome the limitations associated with the loss-of-
function mutant pool, we screened for delayed leaf senes-
cence mutants in newly generated activation tagged pools of
Arabidopsis. An advantage of this approach is that an
activated gene usually behaves as a dominant, gain-of-
function mutation, displaying the mutant phenotypes in the
Tq generation.

In this paper we describe one delayed senescence mutant,
ore7-1D, that was isolated from an activation tagging pool.
This mutant exhibits markedly extended leaf longevity, due
to increased expression of the ORE7 gene that encodes an
AT-hook motif protein. In animals and yeast, many AT-hook
motif proteins have been shown to have key roles in growth
and development and act by modifying the chromaosomal
architecture to co-regulate transcription of a set of genes.
We found that the ORE7 gene is identical to ESCAROLA
(ESC) (Weigel et al., 2000), a gene that has been previously
described but not functionally analyzed in planta. Through
the analysis of the ore7-7D mutant, we suggest that regu-
lation of chromatin structure might be important for the
proper progression of leaf senescence. We also demaonstrate
that regulated expression of ORE7/ESC could be used to
manipulate the post-harvest storage life of plants.

© 2007 The Authors

Results

Isolation of the ore7 mutant

Approximately 20,000 activation tagged lines of Arabidopsis
(Col-0) were generated in our laboratory using the pSKI105
vector (Weigel et al.,, 2000). Upon insertion into the plant
genome, this vector allows activation of genes in its vicinity
due to the presence of a strong enhancer element (4x 35S
CaMV} in the vector. The generated pool was screened for
delayed leaf senescence mutants by visually evaluating the
degree of leaf yellowing at the T, generation. This strategy
enabled the identification of negative genetic regulators of
leaf senescence, which exhibited delayed leaf senescence
when overexpressed. Amang the screened activation lines,
the line named oresara7-1D (ore7-1D) exhibited the most
noticeable delay of leaf senescence (Figure 1a). Segregation
in the T, generation indicated that the ore7 phenotype is due
to a semi-dominant mutation caused by activation of a gene
in the activation line (data not shown). In homozygous
plants the whole developmental process, including leaf
emergence and growth, was delayed, this causing difficul-
ties in assessing the effect of the mutation on senescence in
individual leaves (Hensel et al, 1993; Woo et al., 2001).
However, in the heterozygous plants, where the expression
of the activated gene is lower than that in the homozygous
plants, the emergence time and growth rate of leaves was
almost identical to those of the wild type. Therefore, the
experiments described below were carried out using the
heterozygous mutant. In addition to the delayed leaf
senescence phenotype, the heterozygous ORE7/ore7-1D
mutant showed slightly shorter petioles, round and enlarged
leaves, an increased number of inflorescences, a late flow-
ering phenotype and increased biomass (Figure 1a).

Extended leaf longevity in the ORE7/ore7-1D mutant

Visual examination of a single leaf throughout its life span
revealed that in the ORE7/ore7-1D mutant leaf longevity
was extended over twofold, which is one of the most sig-
nificant extensions of leaf life span that has been reported
in Arabidopsis (Figure 1b). Similatly the leaf chlorophyll
content and the photochemical efficiency of photosystem Il
(PSIy (R/FRy) (Figure 1c,d), which are two physiological
senescence markers, were both maintained at higher levels
in the ORE7Z/ore7-1D mutant compared with the wild type.
Moreaver, in the mutant, a photosynthesis-related chloro-
phyll a/b-binding protein gene (CAB) was expressed at
higher levels at later stages, while the induction of two
senescence-associated genes, SEN4 and SAG1Z, was
delayed (Figure Te). The results together indicated that the
ORE7/ore7-1D mutation results in a considerable delay of
several parameters of leaf senescence and an extension of
leaf longevity.

Journal compilation © 2007 Blackwell Publishing Ltd, The Plant Journal, (2007}, 52, 1140-1153
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Figure 1. The age-dependent senescence phenotype.

(a) Phenotypes of wild type (Col) and the heterozygous (ORE7/ore7-1D mutant at the age of 40 days.

(b) The age-dependent senescence phenotype of the fourth rosette leaf of wild type (Col) and the ORE7/ore7-1D mutant at different ages. The photographs show

representative leaves at each time point.

(c, d) The chlorophyll content (c) and photochemical efficiency (F,/Fy) of photosystem Il (PSII) (d) were measured using the fourth leaf of two independent activation

lines (ORE7/ore7-1D, ORE7/ore7-2D) and overexpressing lines (ORE7-OX1, ORE7-OX2) at the indicated ages. The F,/F, value (maximum variable fluorescence/
yield of fluo ) indi the i l yield of PSll electron transport. Error bars indicate the SD; n = 50.

(e) Age-dependent changes of gene expression. Total cellular RNAs isolated from wild type (Col) and the ORE7/ore7-1D mutant at the indicated ages (days) were

probed with the CAB2, SEN4 and SAG12 genes.

A gene encoding an AT-hook DNA-binding protein is
overexpressed in the mutant

To identify the gene activated in the mutant, the genomic
DNA fragment flanking the right border of the T-DNA
insertion was isolated by plasmid rescue, utilizing the single
EcoRl site in the T-DNA. The sequence of the genomic DNA
flanking the T-DNA was then compared with genomic
sequences of Arabidopsis, revealing a single predicted open
reading frame of 936 bp closest to the right border. The
predicted open reading frame (At1920900) encodes a protein
of 312 amino acids with a similarity to AT-hook DNA-binding
proteins (Figure 2a) and was designated as the ORE7 gene.
The ORE7 gene is identical to ESCAROLA (ESC) (Weigel
et al., 2000), which was previously identified from an
activation-tagged line which exhibited late flowering and

altered leaf morphology. However, the in planta functions of
this gene have not been previously analyzed.

Ribonucleic acid gel blot analysis revealed that expression
of this gene was indeed activated in the mutant (Figure 2b).
In addition, as expected from the difference in the pheno-
typic severity of the homozygous and heterozygous lines,
the expression level of the activated gene was higher in the
homozygous lines than in the heterozygous lines. Expres-
sion of the ORE7/ESC gene was low in wild-type plants,
where it was not detectable by conventional RNA hybridiza-
tion analysis. However, RT-PCR analysis indicated that the
gene is down-regulated as leaf age increases (Figure 2c).
This result is consistent with publicly available microarray
data (Nottingham Arabidopsis Stock Centre).

To prove that the mutant phenotype observed in ORE7/
ore7-1D was caused by overexpression of the predicted

© 2007 The Authors
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Figure 2, Structure and expression of the OREF
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gene, two independent experiments were undertaken.
Firstly, the delayed Ieaf senescence phenotype was
re-created {QREFore7-20) by intraducing the genarnic
DNA fragment from the activation line, containing the
enhancer elements, a part of the 5° upstrearn sequence, the
whole open reading frame ofthe predicted gene, and a part
of the 3 flanking segquences, into wildtype plants
tFigurele,d). Secondly, a delayed leaf senescence pheno-
type was abserved in independent transgenic lines where
the full-length OREFESC gene was expressed under the
control of the 385 CalMV promoter {OREZ-OXT and OREF-
0X2), although in this case the phenotype was less
pronounced {Figurelcd),
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OREZESC is a nuclear focafized AT-hook protein

The pradicted ORET/ESC protein contains a nine arnino acid
domain, RPRGRPPGS, which satisfies the consensus
requirernent af an AT-hoak motif (Figure 2a). Many of the
AT-hook proteins characterized to date have been shown to
either repress or activate transcription of a large number of
genes by binding to AT-rich DNA sequences and moadifying
the architecture of DNA ({Aravind and Landsrman,1998;
Sgarra ef al, 2008; Strick and Laermmli, 1995; Thanos and
Maniatis, 1992]. They are, therefore, referred to as architec-
tural transeription regulators. In addition to the AT-hook
motif, OREFESC possesses stretches of glutarmic acid,
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Figure 3. ORE7 as a nuclear-localized AT-hook-binding protein.

(a) Nuclear localization of GFP-ORET7. The full length ORE7 gene fused to the
coding sequence of the GFP gene was introduced into Arabidopsis proto-
plasts. After 18 h of incubation, localization of GFP-ORE7 was examined by
confocal microscopy. 1, bright field image; 2, autofluorescence image derived
from chloroplasts; 3, fluorescence image of GFP-ORE7; 4, merged fluores-
cence image of GFP-ORE7 and chloroplast autofluorescence; 5, merged
image of fluorescence image (4) and bright field image (1); 6, enlarged
fluorescence image of GFP-ORET7. Scale bars, 10 pm.

(b) Binding of ORE7 to an AT-rich oli ide. The oli id
sequence corresponds to a part of the AT-rich sequence present in the
promoter of the pea PRA gene. The 39-bp oligonucleotide with wild-type
sequence was labeled with 32P for i i ion. C iti
experiments were carried out using the
and a mutant oligonucleotide. The arrow indicates the location of the protein-
bound, *2P-labeled oligonuceotide.

(c) Alteration of chromatin by ORE7. The ch i hi €
were examined by following the distribution patterns of H2B-GFP fusion
proteins that incorporate into chromatin. The patterns were examined by
confocal microscopy of nuclei from the first and second rosette leaves of
young seedlings of wild type and the ORE7/ore7-1D plants that express H2B-
GFP. The patterns were classified into three typical groups, and the number of
nuclei in each group was counted over 200 nuclei using five seedlings (see
Experimental procedures).

pl 1
Iabeled wild-t m leatid,

glycine, histidine, and glutamine, which are often found in
transcriptional regulators (Manavathi et al., 2005; Zheng and
Yang, 2004). If ORE7/ESC is an AT-hook DNA-binding
protein, then it would be predicted to be localized in the
nucleus. To examine the subcellular localization of ORE7, a
green fluorescent protein (GFP)-ORE7 fusion protein was
expressed in Arabidopsis protoplasts. As expected, ORE7-
GFP was selectively localized to the nucleus (Figure 3a).
Interestingly, the fusion protein appeared as distinctive
nuclear speckles.

We then conducted an electrophoretic mobility shift assay
(EMSA) to test whether the ORE7/ESC protein possessed the
ability to bind to an A/T-rich DNA sequence, as would be
expected from the proposed structure. The DNA sequence
we used for this test was the A/T-rich region in the promoter
of the pea (Pisum sativum) PRA2 gene (Nagano et al., 2001).
As shown in Figure 3b (lane 2), ORE7 was able to bind to the
32p_|abeled, 39-bp A/T-rich DNA fragment. Competitor DNA
fragment (unlabeled) with the same wild-type sequence
diminished the binding of ORE7 to the labeled fragment
(lanes 3-5) more effectively than did the competitor DNA
fragment with mutated sequences (lanes 6-8). Thus, binding
of ORE7/ESC to this DNA fragment appeared specific. These
results suggest that the ORE7/ESC gene encodes a protein
that binds to AT-rich DNA sequences in the nucleus.

Chromatin architecture is modified in the ORE7/ore7-1D
mutant

Use of a histone2B (H2B)-GFP fusion protein has been
shown previously to be a sensitive method for the analysis
of chromosome dynamics in living mammalian cells (Kanda
et al., 1998). Histone2B-yellow fluorescent protein (YFP) was
incorporated into the plant chromosome (Boisnard-Lorig
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(b)Protein -
Probe +

+ + + o+ o+ o+
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0

Fraction of each nucleus type (%)

Group 1 1 I

et al., 2001) and shown to be useful for examining the status
of plant chromatin. To monitor whether chromatin archi-
tecture is modified in the ore7-1D heterozygous mutants, we
generated transgenic lines that express the H2B-GFP fusion
protein and crossed them with the ORE7/ore7-1D mutants.
The spatial distribution patterns of H2B-GFP-tagged chro-
matin of leaf cells are classified into three groups according
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to the number of subnuclear domains (nuclear bodies) and
the interchromatin-like compartment that contains little or
no GFP signal (Haithcock et al., 2005). While the leaf cells of
ORE7/ore7-1D mutants exhibited more reticular chromatin
distribution and intensely labeled nuclear bodies (Figure 3c,
Group Ill), the majority of wild-type leaf cells displayed an
evenly distributed fluorescence pattern over the whole
nucleus with few or no nuclear bodies (Figure 3c, Group ).
Therefore, increased levels of ORE7/ESC affect the distribu-
tion of H2B-GFP in the Arabidopsis nucleus, indicating that
ORE7/ESC controls chromatin architecture.

Microarray analysis of gene expression in the
ORE7/ore7-1D mutant

To gain an insight into the function of ORE7/ESC, a gen-
ome-wide gene expression analysis was performed by a
microarray experiment. The Arabidopsis CATMA (Com-
plete Arabidopsis Transcriptome Microarray) Consortium
microarray (http://www.catma.org) (Allemeersch et al.,
2005) containing a collection of gene specific tags (GSTs)
of over 24000 Arabidopsis genes was probed with RNAs
isolated from mature green leaves of the wild type or the
ORE7/ore7-1D mutant. At this stage, neither the mutant nor
the wild-type leaves show visible senescence symptoms.
Sampling the leaves at this stage was to reduce inclusion
of expression changes due to the secondary effect of the
mutation in leaf senescence; later stage leaves have a
larger difference in senescence state between the mutant
and the wild type. The analysis revealed 1096 genes that
showed at least a twofold change in expression in the
mutant compared with the wild type. Among the 1096
genes, 615 genes (Table S1) and 481 genes (Table S2)
were down- and up-regulated, respectively. A large num-
ber of genes that are up- or down-regulated during leaf
senescence have been previously identified by using
Affymetrix GeneChips (Buchanan-Wollaston et al., 2005).
The information from these previous experiments was
used to characterize the genes with altered expression in
the ORE7/ore7-1D mutant. Since increased expression of
ORE7 can delay leaf senescence, it was expected that
senescence up-regulated genes (SEN*) would show lower
expression in the ORE7/ore7-1D mutant. Conversely,
senescence down-regulated genes (MG*) would show a
higher expression in the mutant (the abbreviation MG* is
used here to denote genes that show higher expression at
the mature green stage of a leaf). Among the 481 genes
with a higher expression level in the ORE7/ore7-1D mutant,
92 (19%) and 39 (8%) were MG* and SEN’, respectively.
Among the 615 genes with a lower expression level in the
ORE7/ore7-1D mutant, 195 (32%) and 42 (7%) were SEN*
and MG, respectively (Tables S1 and S2). Thus, the gene
expression pattern in the ORE7/ore7-1D mutant largely
reflected a delayed leaf senescence phenotype. However, it

© 2007 The Authors

is notable that, contrary to expectation, some SEN* and
MG* genes show higher and lower expression, respec-
tively, in the ORE7/ore7-1D mutant leaves.

Functional categories of genes with altered expression
in the ORE7/ore7-1D mutant

Entering the array data into the MAPMAN program (Thimm
et al., 2004) displayed the relative changes in expression of
the various genes with an altered expression in the ORE7/
ore7-1D mutant onto diagrams of the functional compart-
ments (Figure 4a). Of particular interest was a large group of
genes involved in protein synthesis that showed increased
expression in ORE7/ore7-1D. For example, 16% (75 genes) of
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Figure 4. Genes with altered expression in the ORE7/ore7-1D mutant.

(a) MAPMAN assignment of genes with altered expression in the mutant into
the functional categories. Genes that are up-regulated (blue squares) or
down-regulated (red squares) in the ORE7/ore7-1D mutant plant were
assigned into the functional categories in MAPMAN. Of particular note
among the up-regulated genes is the large group encoding proteins involved
in protein synthesis. The groups involved in RNA processing and DNA
synthesis also show increased expression. Groups rich in down-regulated
genes are those ding proteil dification y in particular and
those involved in protein degradation, regulation and transport.

(b) Reverse transcriptase-PCR analysis of various genes. The first-strand
cDNAs were prepared using RNAs isolated from the fourth leaves at mature
green stages (the age of 12 days) of wild type and the ORE7/ore7 1-D plants.
The sequences examined are Histone H.2A (At3g54560), Histone H.2B
(At5g22880), RPS17 (At3g10610), RPL10 (At1g26910), RPL37 (At3g16080),
CAB2 (At1929920), Actin2 (At3g18780), ERF1 (At4g17500). PDF (At1975830),
ABI1(At4g26080), Rd29A (At5g52310), Rd29B (At5g52300), ARR4 (At1g10470),
ARRS5 (At3g48100), and ARR15 (At1g74890).
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the up-regulated genes encoded ribosomal proteins
(Figure 4, Table S1). In addition, various genes in the DNA
synthesis group, including histone genes, were up-regu-
lated. The increased expression of two histone genes and
three ribosomal proteins was confirmed by RT-PCR analysis
(Figure 4b}.

In contrast, gene expression patterns indicate a reduction
in activity of signaling pathways involving jasmonic acid
(JA), abscisic acid (ABA), ethylene, and salicylic acid (SA} in
the mutant (Figure 4, Table S2). Reduced expression of
genes which depend on the SA signaling pathway for their
expression, including those encoding a leucine-rich repeat
family protein (At4g28490) and a protein kinase (At4g23150)
(Buchanan-Wollaston et al., 2005}, was observed. Also, the
array results indicated that four JA pathway-related genes
were down-regulated in the mutant (Table 52} and this was
suppotted by RT-PCR analysis showing down-regulation of
a plant defensin gene (PDF1. 7, AtTg75630), which is known
to be dependent on JA signaling for its expression
(Figure 4b}. In addition, seven ethylene pathway genes were
down-regulated in the mutant (Table S2) and this was
confirmed by RT-PCR assay of an ethylene response factor
(ERF1, Atdg17500) (Figure 4b). Furthermore, RT-PCR
showed that several ABA-inducible genes, including AB/7,
rd29A, and rd29B were down-regulated in the mutant.

The differential expression of these pathways is not likely
to be due to a large difference in the developmental stages
between the mutant and wild-type plants, since we used
mature green leaves from both plants and these showed no
apparent senescence symptoms at that time. Also, there was
no noticeable difference inthe expression of photosynthesis-
related genes, which would be expected if senescence had
started in the wild-type leaves (Figure 4b, Tables S1and S2).

Interestingly, while cytokinin is an effective senescence-
retarding growth regulator (Gan and Amasino, 1995; Kim
et al., 2006), expression of genes involved in cytokinin
synthesis or signaling was not altered in the mutant
(Figure 4b, Tables S1 and S2), indicating that the delayed
senescence in the activation mutant line is not due to
modification of eytokinin synthesis or signaling.

Ectopic ORE7/ESC delays leaf senescence induced by
senescence-accelerating hormones

The gene expression data shown above revealed that the
signaling pathways of ethylene, JA, and ABA that have arole
in accelerating senescence were at least partially suppressed
by ORE7/ESC expression in mature leaves. We thus exam-
ined the response of the mutant to these senescence-accel-
erating hormones (Figure 5). When detached leaves were
treated with methyl jasmonate (MJ) or ABA a rapid decrease
in chlorophyll and PSII activity was observed in wild-type
leaves, and 3 days after incubation the chlorophyll content
of wild-type leaves was less than 40%. In contrast, the ORE7/

ore7-1D leaves retained maore than 90% of chlorophyll fol-
lowing treatment with MJ or ABA. Following ethylene
treatment, the difference in senescence response between
the wild type and the mutant was not as striking as in the
case of MJ or ABA but the mutant did retain more chloro-
phyll and photosynthetic activity than the wild type after
4 days of the treatment (Figure 5a). The altered senescence
responses of the mutant to the hormones were further
analyzed by measuring the expression of a senescence-
induced gene, SEN4. This gene showed delayed expression
in the mutant compared with the wild type following MJ and
ABA treatment (Figure 5b}, but little difference in response
to ethylene was seen. These data showed that the senes-
cence response pathways induced by MJ, ABA, and ethylene
can be suppressed by ectopic ORE7/ESC, although the
ethylene response was much less affected in our experi-
mental conditions.

Increased post-harvest storage life of the ORE7/ore7-1D
mutant

We then investigated the post-harvest storage life in leaves
from the ORE7/ore7-1D mutant to see whether this mirrors
the delay in the natural senescence of the leaf. Detached
leaves were examined under conditions that accelerate
senescence. Many stresses lead to premature senescence
and are associated with generation of reactive oxygen spe-
cies (Reilly et al., 2004). Therefore we assessed tolerance of
the detached leaves to oxidative stress. The detached leaves
were treated with hydrogen peroxide and a rapid decline of
chlorophyll content and PSIl activity was seen in the wild
type. In contrast, the ORE7/ore7-1D leaves retained over 80%
of chlorophyll (Figure 6a) and 95% of PSII activity (data not
shown), even atb days after treatment. Darkness is a potent
environmental stimulus that accelerates post-harvest
senescence and, as shown in Figure 6(b), the post-harvest
life of the detached leaves of the ORE7/ore7-1D mutant was
significantly longer in this condition compared with wild
type. Even after 8 days of dark incubation, over 50% of the
chlorophyll content was retained in the ORE7/ore7-1D
mutant, while wild-type leaves lost all chlorophyll by that
time. In addition, the photochemical activity of PSIl was
maintained at a much higher level and induction of SEN4
expression, a marker gene for senescence, was lower in the
mutant (data not shown). The data together showed that
overexpression of ORE7, as in the ORE7/ore7-1D mutant, can
be highly effective in delaying post-harvest senescence of
detached leaves.

Constitutive expression of a gene in transgenic plants
could cause several pleiotropic effects, as we observed in
the ORE7/ore7-1D mutant. Therefore, the delayed senes-
cence phenotype may be the result of an indirect down-
stream effect following the constitutive expression of the
gene. To test this, we investigated whether controlled
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Figura 5, Senescence response of OREF arer-10 (a) MES

mutant leaves to hormone treatment
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axpression of the OREFESC gene still leads to delayed
sanescence. For this axperiment, we generated inducible
transgenic lines that express the OREFESC gane under the
control of a glucocorticoid-inducible promoter. In the
absence of dexamethasone {DEX, a synthetic glucocorticoid)
treatrnent, no  noticeable  phenotypic  alteration wag
abserved in the transgenic plants, while expression of the
QREZESC gene was readily induced by treatment with DEX
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{Figure Bc). The effect of inducible overexpression of the
OREFESC gene on starage life of leaves was then assessed
by the dark-induced post-harvest senescence assay using
detached leaves. After 7days of dark incubation, DEX-
treatad leaves of the transgenic OREFESC inducibla lines
remained grean, while control leaves turned yellow
tFigure Bel. Measurernent of the photochermical efficiency
revaaled that the DEX-trested leaves retained a higher
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Figure 6. The ORE7/ore7-1D mutant shows increased post-harvest storage life.
(a) Post-harvest phenotype of
taken 5 days after treatment.

Col ORET7/ore7-1D

leaves of wild type and ORE7/ore7-1D mutant during hydrogen peroxide-induced senescence. The photos were

(b) Dark-induced post-harvest senescence phenotype of detached leaves of wild type and ORE7/ore7-1D mutant. The chlorophyll contents (a, b) were measured
using the fourth leaf at the indicated days.

(c) Effect of glucocorticoid-inducible expression of ORE7 on dark-induced senescence after detachment. The level of ORE7 transcript was examined in the detached
leaves of wild type (Col) and two different transgenic Arabidopsis lines (3, 18) carrying the glucocorticoid-inducible ORE7 construct before incubation (C) and after
incubation with the control buffer (-) or with 15 um dexamethasone (DEX), a glucocorticoid (+), in darkness for 7 days (top). Senescence phenotype of detached
leaves of the glucocorticoid-inducible line (18) treated with the control buffer (2-(N-morpholine)-ethanesulfonic acid; MES) or with 15 um DEX in darkness for 7 days
(middle). Change of the photochemical efficiency (F,/F,) of leaves of wild type and the two glucocorticoid-inducible lines (3 and 18) treated with the control buffer

(white) or with 15 pm DEX (black) in darkness for 7 days. The

as average percentage values + standard deviation (SD), relative

to that of leaves of day 0 (bottom).
(d) Post-harvest phenotype of dt

photochemical efficiency than control leaves (Figure 6c).
This result indicated that the delayed senescence in the
detached leaves is a direct effect of ORE7/ESC on the
senescence-controlling pathway. Importantly, exploiting a
strategy of regulated expression of ORE7/ESC should be
applicable to the manipulation of post-harvest senescence,
thereby negating unfavorable pleiotropic effects.

The harvesting of vegetable crops often involves the
whole of the aerial part of the plant. Therefore, we examined
the post-harvest senescence response of the whole aerial

isp

hed whole aerial parts of wild type and ORE7/ore7-1D mutant. The photos were taken 6 days after cutting.

part of the ORE7/ore7-1D activation mutant where the roots
were removed from the mutant line during harvest as a
simulation of vegetable harvest. Aerial parts of the plants
harvested at 20 days after planting (DAP) by cutting the
junction between the aerial part and the roots were kept on a
wet filter for 6 days under long-day conditions. While the
leaves of wild type became almost completely yellow by this
time, the leaves of mutants remained green and fresh
(Figure 6d). This result demonstrates that regulated ORE7/
ESC overexpression could be a useful method for delaying
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post-harvest senescence at the whole plant level as well as
the detached leaf level.

Discussion

The timing of the onset and the rate of progression of leaf
senescence must be finely controlled with concomitant
regulation of gene expression during the senescence pro-
cess. Studies utilizing molecular, genetic, and genomics
strategies have enabled limited predictions of the molecular
mechanisms that are involved in controlling leaf senescence
(Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006;
Guo and Gan, 20086; Kim et al., 2006; Miao et al., 2004; Woo
et al,, 2001, 2002; Xiong et al., 2005). In this paper we present
data showing that ectopic overexpression of ORE7/ESC, a
member of the AT-hook protein gene family, greatly extends
leaf longevity as well as post-harvest storage life in trans-
genic plants and suggest a possibility that this may occur by
alteration of chromatin architecture.

This exciting discovery was enabled by the isolation of a
new mutant from an activation-tagged mutant pool, which
showed significantly delayed leaf senescence in the hetero-
zygote state, ORE7/ore7- 1D. Furthermore, leaf longevity was
extended over twofold, which represents one of the most
significant extensions of leaf life span so far reported in
Arabidopsis. The altered senescence process of the ORE7/
ore7-1D mutant is distinctly different from other previously
identified leaf senescence mutants such as those caused by
the oret, ore3, ored, ore9, or ore12 mutations {Oh et al.,
1997; Woo et al., 2001, 2002). While these mutations bring
about a delay mostly in the onset of timing of leaf senes-
cence with relatively little effect on the progression of the
senescence process, the ORE7/ore7-1D mutant showed a
considerably slower progression of leaf senescence. This is
similar to another mutation, dfs7, whichis also altered in the
progression of leaf senescence (Yoshida et al., 2002). Inter-
estingly, the ectopic expression of ORE7/ESC has a broad
effect on senescence, causing a delayed senescence pheno-
type in organs other than the leaf, including the stem and
silique (Figure S1). Furthermore, senescence induced by
MJ, ABA, or ethylene is delayed as well as age-dependent
leaf senescence.

Our initial screen for delayed leaf senescence mutants
from activation tagging lines was attempted to identify a
negative regulator of senescence. In order to confirm that
ORE7 is a negative regulator of leaf senescence, we utilized
the loss-of-function mutant. Since a T-DNA knockout line of
ORE7/ESC was not available in the SALK collection, a
TILLING strategy (for Targeting-Induced Local-scale Lesions
In Genomes) was used to isolate mutants of the ORE7/ESC
gene. We then examined the phenotype of the loss-of-
function oreZlesc mutant, in which an early termination
{converts GIn43 to stop codon; C590175} occurs. The mutant
did not exhibit any senescence phenotype, and no visible
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morphological phenotype was observed in the mutant
either. This observation might reflect that the senescence
phenotype we observed in the activation line could be a
pleiotropic phenotype due to ectopic expression of the gene,
not representing its primary in planta function. Analysis of
the expression patterns of the ORE7/ESC gene indicates that
it is expressed at a low level in leaves. Therefore, it may be
that the role of this gene in normal plant development is not
necessarily related to leaf senescence but the ectopic
expression of the gene in leaves has a serendipitous effect
resulting in delayed senescence. Alternatively, lack of phe-
notype in the ore7/esc mutant may be due to the presence
of functionally redundant genes, since approximately 30
paralogs were identified in Arabidopsis.

The AT-hook maotif is known to interact with the narrow
minor groove of AT-rich DNA sequences. AT-hook proteins
can affect the architecture of chromatin and play arole inthe
regulation of transcription by acting as factors that influence
the association of transcription factors with chromatin
(Aravind and Landsman, 1998, Sgarra et al, 20086; Strick
and Laemmli, 1995; Thanos and Maniatis, 1992}, although
knowledge about the functional role of AT-hook motif
proteins is still very limited in plants. From the data we
presented here, we argue that ORE7 indeed functions as a
plant AT-hook protein. It is localized in the nucleus and can
bind to AT-rich sequences in vitro. ORE7/ESC can affect
chromatin architecture, as we showed by madification ofthe
distribution of H2B-GFP fusion (Figure 3). Furthermore, it
can affect transcription of a large number of genes, as we
demonstrated by microarray analysis. Studies on AT-hook
proteins in wheat (Tritieum aestivum) (AHM1, Morisawa
et al., 2000} and Arabidopsis (AHL1, Fujimoto et al., 2004}
have revealed that they can bind to the matrix attachment
region (MAR} and are localized to the nuclear matrix,
suggesting that they can function as a nuclear matrix
component. ORE7/ESC appears to be paralogous to AHLT
with a similarity in sequence and protein size. However,
ORE7/ESC has a feature different from AHL1. The Arabidop-
sis AT-hook motif proteins can be broadly classified into two
phylogenic groups (Fujimoto et al., 2004). ORE7 and AHL1
belong to different groups. In addition, ORE7/ESC contains
stretches of histidine, glutamic acids, and glutamine, which
is a feature different from AHL1. Thus, ORE7/ESC and AHLT
may have distinctive in planta functions.

How then is leaf senescence delayed in the ORE7/ore7-1D
mutant? With the notion that ORE7/ESC is an AT-hook
protein, it is conceivable that ORE7/ESC can up-regulate
genes that suppress senescence and down-regulate genes
that enable the progression of the senescence process
through modification of chromatin architecture. Indeed, the
microarray data revealed enhanced expression of genes for
self-maintenance as well as reduced expression of genes for
senescence-promoting pathways in the activation line,
although the genes with altered expression may not be the
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direct targets of ORE7/ESC. The paossibility that altered
chromatin architecture may control leaf longevity in Arabid-
opsis is analogous to the case of the yeast (Saccharomyces
cerevisiae) SiR (Silent Information Regulator) gene. When
this gene is overexpressed, the chromatin architecture of the
yeast genome is altered, resulting in extended longevity
(Campisi, 2000; Lin et a/., 2000). However, the mechanisms
suggested for the extended longevity are different. In yeast,
chromatin compactness caused by overexpression of SIR
was suggested to suppress age-dependent detrimental
events, such as DNA rearrangement and rDNA circle forma-
tion. In the case of ORE7/ESC, we suggest that the extended
longevity is caused by altered expression of a large number
ofgenesthatare up- or down-regulated during development.

Mutations that affect chromatin architecture often display
complex and pleiotropic phenotypes, since in many cases
they affect expression of a relatively large number of genes
(Berger and Gaudin, 2003; Li et al., 2002). A similar situation
was observed in the ORE7/ESC overexpressor lines
(Figure 1). The pleiotropic phenotypes caused by overex-
pression of ORE7/ESC were consistent with the microarray
analysis of the mutant. Ectopic ORE7/ESC affected not only
expression of the senescence-related genes but also that of
genes in many other functional categories. Unexpected
up-regulation of some of the senescence-related genes also
appears to be one of the pleiotropic effects of the ORE7/ESC
overexpressot. It should be also noted that the delayed leaf
senescence phenotype is not due to the indirect effect of
delayed reproduction, i.e. late flowering, since, in Arabid-
opsis, senescence of individual leaves is not closely linked
with the development of the reproductive structures (Hensel
et al., 1993}, This is also shown clearly by inducible expres-
sion experiments on the detached leaves.

Identification of genes that alter senescence has consid-
erable practical value. In this paper, we showed that ORE7/
ESC, when overexpressed in transgenic plants, has a
profound effect in delaying post-harvest as well as natural
senescence. The regulated expression of the ORE7/ESC
gene could potentially be used for improving the storage life
of harvested vegetables.

There is increasing evidence that chromatin structure
plays a critical role in many facets of plant development
(Berger and Gaudin, 2003; Li et al., 2002}, Our results provide
an impaortant maolecular insight that leaf longevity may be
affected by the control of chromatin structure. The activation
line will provide a valuable tool for defining the components
and regulation of the pathways involved in this mechanism.

Experimental procedures

Plant materials, mutant screening, and growth conditions

Arabidopsis thaliana ecotype Columbia {Col-0) plants were grown
in a temperature-controlled greenhouse at 24°C in 16-h days.

Arabidopsis plants were transformed using Agrobacterium tum-
efaciens ABI that carries the activation-tagging plasmid pSKI015 by
the floral dipping method {Clough and Bent, 1998). Mutants with a
delayed leaf senescence phenotype were initially screened by visual
evaluations of leaf yellowing of Ty plants. Potential mutants were
self-fertilized and the progenies were further analyzed for co-seg-
regation of the delayed senescence phenotype with the T-DNA
insertion.

Assay of senescence

Age-dependent leaf senescence was assayed as described by
Woo et al. {2001). For dark-induced post-harvest leaf senescence
assay, the third and fourth leaves at 12 days after leaf emergence
were detached and floated on 3 mm 2-{A-morpholine)-ethane-
sulfonic acid {MES) buffer {pH 5.7) in the dark. For oxidant
treatment, detached leaves were floated in the MES buffer in the
presence or ahsence of 15 mm hydrogen peroxide. For hormone
treatments, detached leaves were floated in the MES buffer in the
presence or absence of 50 ym ABA {Sigma, http/iwww.sigma
aldrich.com/) or 100 pm MJ {Sigma). In the case of ethylene
treatment, detached leaves were incubated in a glass box
containing 5 pm ethylene gas. All hormonal treatments were
performed at 22°C under continuous light. The chlorophyll con-
tent of individual leaves was measured as described in Lichtent-
haler {1987). The photochemical efficiency of PSIl was measured
by the Plant Efficiency Analyzer {Hansatech Instruments, http://
www .hansatech-instruments.com/) {Oh et al, 1997). For assaying
post-harvest senescence at the whole plant level, aerial parts of
plants harvested at 20 DAP were cut out and placed on wet filter
papers for 6 days.

Subcellular [ocalization of the ORE7-GFP fusion protein

The full-length ORE7 open reading frame was amplified by PCR with
primers containing appropriate restriction sites and cloned into the
C-terminus of the GFP coding region in the p326GFP-3G vector. The
plasmid DNA was introduced into protoplasts of wild-type leaf cells
as described previously {Kim et al,, 2006). Expression of fusion
protein was ohserved 18 h after transfection using the Zeiss LSM
510 Meta confocal microscopy {Carl Zeiss, http/Avww.zeiss.com/).

Assay of chromatin architecture

The H2B-GFP fusion construct was generated to examine the effect
of ORE7/ESC inthe regulation of chromatin architecture. Transgenic
plants expressing H2ZB-GFP under the control of cassava vein
mosaic virus {CsVMV) promoter were generated by the floral dip
method. These plants were crossed with the ORE7/ore7-1D hetero-
zygote mutant. In the Fy generation, the plants that expressed H2B-
GFP and showed the delayed senescence phenotype were selected
by phenotype and fluorescence microscopy followed by PCR-based
genotyping.

Changes in chromatin architectures were assessed by monitoring
H2B-GFP fluorescence patterns {Boisnard-Lorig et al, 2001) in the
first and second leaves of wild-type and the ORE7/ore7- 1D mutant,
respectively, using the LSM 5 live imaging confocal microscope
{Carl Zeiss). The distinct H2B-GFP fluorescence patterns were
scored and further classified into three groups to represent the
changes in chromatin architectures. The data presented are
the mean £ SE of each nucleus fraction from four independent
experiments.
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Eiectrophoretic mobility shift assay

The protein-coding sequence of the ORE7/ESC gene was amplified
by PCR 1o introduce the restriction enzyme sites. The fragment was
ligated into the corresponding restriction enzymes sites in the
TriEx-1 vector {Novagen, hitp:/splash.emdbiosciences.com/).
In vitro protein synthesis was performed with *°S-labeled methio-
nine {Perkin Elmer Life Science, http:/las.perkinelmer.comy) in the
TnT reticulocyte lysate system {Quick Coupled Transcription/
Translation  Systems; Promega,  hitp:/www.promega.com/)
according to the manufacturer’s instructions.

An electrophoretic mobility shift assay was performed using a
method described previously {Nagano etal, 2001). The 39-bp
synthetic oligonucleotide {5™-TAA CAC ATA TTTTGATAA ATTTA-
TTACTAA AACTATTTT-3) that is derived from the pea PRAZ gene, a
dark-induced small G protein gene {Yoshida et al, 1993), was used
as a probe. The probe was labeled by incubation with [y-*?PIATP
and T4 polynuclectide kinase. Five microliters of TNT {in vitro
transcriptionftranslation)-produced ORE7 protein was added into a
binding buffer {20 ul) containing 2 pg of poly{dl-dC)-poly{dIl-dC},
bovine serum albumin {500 g wl™"). The protein-DNA complex was
formed by incubating this mixture at 25°C for 1h with the
32pJabeled probe. Competition experiments using the wild-type
competitor and mutated competitors {(5"-TAACACACTGCAGGATAA
ATTTATTAC TAA AACTATTTT-3) were also performed. Binding
reactions were carried out with 5 pl of TNT-produced ORE7 protein
and the *?P-labeled probe {2.5 fmol) in the presence of unlabeled
wild-type competitor or mutant competitor.

Analysis of glucocorticoid-inducible lines

Transgenic lines expressing ORE7/ESC under the control of gluco-
corticoid-inducible promoter were generated by the floral dipping
methed. The glucocorticoid treatments were performed as
described by Aoyama and Chua {1997). Detached mature green
rosette leaves {12 days old) were floated in a buffer containing
15 pm DEX {Sigma) in the dark at 22°C for 7 days.

Microarray experiments

Microarrays used carried genome sequence tags {GST) fragments
generated using gene-specific primers identified by the CATMA
Consortium {http:/www catma.org) {Allemeersch et al, 2005). The
CATMA PCR products were generated by secondary amplification
as described on the CATMA web site. The PCR fragments were
purified and mixed with DMSO to give a final DNA concentration of
approximately 0.2 pg ™" in 50% DMSO. Microarrays were printed
on CMT-GAPS coated slides (Corning, http:/Awww.corning.com/)
using a BioRobotics Microgrid Il robot. Slides were haked for 4 h at
80°C and then stored with desiccant at room temperature.

For microarray hybridization, total RNAs were isolated from
leaves of wild-type1 and ORE7/ore7-1D mutant at the age of 12 days
{at mature green stage) and 1 pg of each RNA was amplified
using the MessageAmp Il aRNA Amplification kit {Ambion, http://
www.ambion.com/) in accordance with the kit protocol with a single
round of amplification. The Cy3- and Cy5-labelled ¢DNA probes
were preparedfrom 2 pg of aRNA using the CyScribe Post-Labelling
kit {Amersham Biosciences, http/Avww5.amershambiosciences.
com/) whereby amino allyl-dUTP was incorporated during cDNA
synthesis followed by chemical labeling of the amino allyl-modified
cDNA using CyDye NHS-esters. Labeled cDNA was mixed in 25%
formamide, 5x SSC, 0.1% SDS and 0.5 mg mI™" yeast tRNA
{Invitrogen, http:/Awww.invitrogen.com/) and hybridized to slides

© 2007 The Authors

overnight at 42°C. Slides were washed and then scanned using an
Affymetrix 428 array scanner at 532nm (Cy3) and 635nm {Cy5).
Scanned data were gquantified using Imagene version 4.2 software
{BioDiscovery, http:/fwww.biodiscovery.com/). GeneSpring version
5.1 {Silicon Genetics, http:/Avww.silicongenetics.com/) was used to
normalize the data and identify genes showing significant differen-
tial expression in the mutant using the Benjamini and Hochberg
multiple correction false discovery test. Ratio data were converted
to a log base 2 scale and imported into MAPMAN (Thimm et al,,
2004).

RT-PCR assays for expression of various genes

The expression profiles obtained from chip hybridizations were
further validated by RT-PCR using first-strand cDNA synthesized
from independently isolated RNA samples. First-strand cDNA was
synthesized with 2 pg of total RNA by the ImProm-Il Reverse Tran-
scription system {Promega). All RT-PCR experiments were repeated
at least twice.
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The following supplementary material is available for this article
online:

Figure S1. Phenotypes of siliques and stems in the ORE7/ore7-1D0
mutant and wild-type plants at various developmental stages. {a)
Photos of siliques were taken at the indicated days after pollination.
{b) Photos of stems were taken at the indicated days after bolting
{DAB). Scale bars 1 cm.

Table 81. Genes showing increased expression levels in the ORE7/
ore7-1D mutant plants.

Table S2. Genes showing reduced expression levels in the ORE7/
ore7-1D mutant plants.

This material is available as part of the online article from http//
www.blackwell-synergy.com

Please note: Blackwell Publishing are not responsible for the content
or functionality of any supplementary materials supplied by the
authors. Any queries {other than missing material) should be
directed to the correspanding author for the article.
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AR AHEE 4 JOoH(Chilton 5, 1977, Cell
11:263:271), AH 4 ZEFSAdEHEE AE Al

Y,

f
rE

I UYE ZYPAA AES FH4AFANZE F AhLorz
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€ LEE] 49N xﬂzz} mwae 11174
A, B () oA AZF WEE AEA6] =9
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promoter sequence) =7 ARE7}E sty 24 EEEH
= d7AY CaMV ZZRE, Nos ZZEH & £
¢, REA ZITEHHE A4 BAZ U
o] AR AR W] FeiAs RS 7hsst
A ke ZEEE)EAE, A, 72 o] o) &
A3Ee a2 WEZE QU] ZZEE(Mett 5, Proc.
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<AAd 1> 47BN ERE HEA 43 fiE 7S
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P sk

<AAd 1-3> AEA d3 f5 V)5S e EE)
HE g dsdlele fxx £
o 717tNe]  GA 2-oxidase familyollA 7]EZE
Co-GAs(XHZA) S AMg3lE B 5 AtGA20x4E &
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<A 2-1> AtGA20x4 FRAA ] i3k M2~ 8] oF
Al A =98 RS ofr)gue] A=

A7) AR AEA 5 dFs FEse AE
ZR13H7] {8k A1GA2ox4 TR} Al 18] QHE]
A ko g wld FAAS frZS A x31
AtGA20x4 ZAAMA o] &S WHSIAF T

ANEHE 38 FAHD ATEAE BamHIS] A Eo)
23 A xgjolr], 2 MRS 402 FAHIL
AgEA BstEl®] AMEo] EFHE AW ol E
o] g3lo] of71AtHe cDNAZYFE PCRES o] &3}
AtGA20x4 ¢DNAE FSE3IHTE 7] DNAE Adas
BamHIZ} BstEIIZ @3}, inducible promoter$] senl
Z2RE 24 WEE A3 pSEN HEd Al
Weko 2 Z2Yslo] AtGA2ox4 AR thEk Al
A9 pSEN-AtGA20x4 A 23 HWEIS A2t

TSk ME HE 52 BAIFEI ASEL BstElC]
AMEo] 23E A zefoln], @ MEMT 602 X
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A=Al AGFE L BamHIS] A Fo] e e et
o|ME o]&3le] o 7]14ule cDNAZFE PCRE o] &
3to] AtGA2ox4 cDNAS FE33th 7] DNAS A
924 BamHIZ} BstEIIZ T3}, inducible promoter$]
sen] ZEHEY ZHE WLEE A pSEN HE o
Al o T FEYEY AtGA20x4 AL ]
Sk OFEJAl A FAJA| Q] pSEN-antiAtGA2ox4 A 23 ¥WH
Z AFstgth. A7A sen] TEREE A2 AA
A whet FAEe FAA gl Sl et
SHH, T la, 1b, 283 lee ZZ pSEN HE <}
pSEN-AtGA20x4, 1231 pSEN-antiAtGA2ox4 AZ%
Ho FA4e TN Tdolth E Lo EAE AL
pSEN HEY FAola, % 1bE pSEN HEJ]
AtGA20x4 A2} A2~ Hpeko 7 =9
pSEN-AtGA20x4 AZg W, 2]l [co] EAIE AL
pSEN W Eo AtGA2ox4 FRAZ} Qe WEgom
=9 pSEN-antiAMSG A2 e 7ot w
la, 1b, 18] 1coA] BARE H}2~E} A ZAlo] )3t A
s Hoye bar 71 2K phosphinothricin
acetyltransferase gene)S 7}€]7]3l, RB= 2E% 77
(Right Border), LB= 9% 737|(Left Border), P35S+
CaMV 35S RNAS] ZZRE, 358 poly AE CaMV 358
RNA poly A, PSENS sen]/ ZZHE, Nos polyAt =
- 4 2K nopaline synthase gene)] polyAE 7}
SEdl=2

371 pSEN-AtGA20x4%} pSEN-antiAtGA2ox4 A=
g HWHE A4 oaEdHER  FHIACdx
(Agrobacterium tumefaciens)©l| JdHEZ ¥ g o)A
(clectroporation) S ol 85}l EAZAT, 247 94
A ofazvHH % viddS 28Tl 0.D.godkel
1.00] 2 w7tA] wjFstdar, 25ColA 5,000rpm & 10
3 AR AXE S8t 8 AlX
E FH= 0D.godrel 2.00] 2 wW7tA Infiltration Medium
(IM; 1X MS SALTS, 1X BS vitamin, 5% sucrose,
0.005% Silwet L-77, Lehle Seed, USA) ®j=ol &Erets]
th 4F ° J7AUNE FF Aw(vacuum chamber)ol]
A= Az ofagdHE R R IAAFAL, 10
B EQ 10 Pag] AT 3l T 24 F, 190
£ 24717 <t E2]ol €@l W(polyethylene bag)ell T3
th o]F, 747t FAHFE U |FUNE AL AAFAIA
TAHTNE Fetdth dxsose F2A8EA ¢
2 ok (wild type) N71FH =5 AtGA20x4 AR}
2R 22 HE((SEN #HE)Tto 2 FAHASE of
714N E AR

<AAe] 22> T2 T, RS 7|l EA £4
&7] <AAld 2-1>0 A9} o] PFAXES of 7%
ol A 83 EAHE 0.1% BF~ElBasta) AZ2A (A%,
Sk SHoA 308 B FAAT L wjFFozA A
W3 o] FAHE3 of 7)o A& Bt AV
shiol nizEl A2AE 53] A3 &, 7 sHEel A
N7t A e ZASHATE pSEN-AtGA20x4H] B
2 FAASE T, W71 e HETH(4GA20x4 TR}

¢

7b 23E A &S WE(pSEN WE)te g FAAS
f71T S oA o 7| Hlaste] & o,
HAT 2F9 A 7|del Z2A 95 @] f=H
om, FAAZ MAAA o]zt s} e Hxe
ol frAzte] Edo] AT g2A UEhdel
71918= Ao g #ATETh ¥ pSEN-antiAtGA2o0x4 )
HEZ A48 T, 71 3dle vz Blusty &
W, ZA X9Y Hel/t FEEA LAyt oy FA
A% f7|Fde] £dF WsE Roh JF3| FRls]
Aste] T, FAAE f7IFHN2RE T, 268 T4
£ Wol o] #lY] RHFS ARIATE ¢4, T, ¥
A% RN E 3d % AL AZEOF T, 2
3 TAE sHEelA Apulgt & ukEr AzA A
53t FAHE f7|1FUE A3 AEE of
AU T, A s 1dY AL ol &
AR(= 2a), 2 48AA(E 2b) FHEATH
pSEN-AtGA20x4 TRAE 7FA 3 A=
SEN::AtGA20x4-10 WOIA| 2}Q12 Col-O(N 717t oFA
) vwste] E oo, T, WolAe} Az Y
=7] & tFEY 7)ol g5t dde] frEEHASH,
olgfgt gis} A2 AT AHA Aozt AT
ol Rzt FEdo] AMA mity g4 Aolrt 9
2ol 7198t ZAeg ddtEth Ty B ddd)
Ao oI Bl BYES wf, & Aot Y-S
el 4= ATh E=3 2159 )3 A7l M=
oI Z o7t fles BAET £ AUHE 2 ¢
Fx). o] e wlolA 9] o3} AL Ci-GAs(AIHIZE
S VAR AMEEE A1GA20x49] Lo E 2lF
24 AwEde] 284 AwAgoze] HFo=z <l
tod &9 A9 g FFol| 7RIse RoE
Z=Ht} 38 pSEN-antiAtGA2ox4 TAAE 7HA2L
atgalox4-4 HolA 1L o 71d] oA ¥ vl
o B o, AAFoZ ozt 4y Jf=vhet RHEFS
M Jem, E717F 25 U AFE Ao Uehy
o 2y FAAHOZ B uf atgaloxs-4 WHolA| 19
TEFL Q71FY oY nFFH Z o7t fle
Aoz UehthE 2 #X). o9 #Z2 a2
AtGA20x4 f+7AAFe] WA AA|7} of7|gk &4 AujAH
9 g =717F GA  20-oxidse?t GA  3-oxidase?
feedback H7}U S0l o3t AP EHR WHo|A Y FE
a3 WHol7l A FEHA fe AR FHET B
BAMA BHth TR 2 A2 3t Aol FEHe
aigaZox4 WOIA| 2}Q1e] FAL AL okl Hlst
of 238 F7lsta Qithe ARHolth E 2dolA BHe
vkl o] pSEN-AtGA2ox4 TAAZS 7HA1 YE
SEN::AtGA20x4-10 WHOJA] 2491 Col-O(oN 71t ok
)} vlaste] E o 2} A QlolA 2318 F
Ve @S BHon ol#fdt Tt A2 ArGA20x4
Ao HEES Tt Ao dgt A4 g &
o A4 Fdel A8¥ 4 Ye Fad adlow
283 = S AS AT F 3lS Aotk

10 30 iy e

SN L

o

Lol

U

¢}

<AAlel| 2-3> SEN::AtGA20x4 ROIAA |71t GA
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2-oxidae J&r% Mt #E FHA BE A}

i} L‘o% 7WAE  SEN::AtGA20x4 o)A <)
GA 2-oxidase ZH& A2} A3} Bd A2 2 2 H)|
A hAFFE 9 feedback mechanismo] 2H-8-3l= #H
FRAAY W PP 243 Sske] wol F 309
5o A5 o}/ R P SEN::A1GA20x4 ¥ OlA|
o] & my =7 9 I siliqueE FE] RNasey
Plant Mini Kit (QIAGEN, Germany)S AF&3le] A
RNAS 72t} FZek3lth. 247 14g9] RNAS FPO=
3}al, Superscript 111 Reverse Tanscriptase (INVITROGEN,
USA)E ]85kl 65CellA 5% 50TlA 60%; % 7
0CAA 15489 XHOZ DNAE FAATE °lF,
AdE cDNAE FHo=2 3l 317] & 19 71A1E o
oFsl GA 2-oxidase FAA 2 A3 e §AAE U
5l Sol4Ql metolsE olgsiel PCRE F3Hrh

PCR—°— 94T 287 71Esle] 3 DNAE WHAA
71 Z 94T 18; 55TCoA] 18 30 c 2 TN
1+ % st MolFE sl F 303 WHE S U,

2CAA 1587 H= t&%/\lﬁ ?638}93&}. ol%, 1%
optE A A AV|PEOE PCR AHES Flstgon,
I ARE & 3a0) E/\lﬂ AT
A AtGA20x4 TAAY] W IS FASIE
ol & 309 Ft A5 °H7P4FH oA PN E E,
g, &7, :LE].L siliquedl| Al F2AA T o] e
m E fARe @2de Ao yeuA kgt
o} 283 §ARe] @ AnE #dE B Z7)d
A wEo] 2 By Id A siliquedl Y IA Bt
= ¢ F Utk ol AME FEke B
GRS o] AL AEXE source 7S
UM = ALY o]FolAA L olF A =715
F3sle] 2 Wy, 28 silique 59 S sink 7]
A FE OITOM s Aoz F2doh A
SEN::A1GA2ox4 ®olA|9] 75, o ¥ Hlste EE
Z1g A FAAe] o] FUlstHom, 53] SlolA
= o PolM e A9 Wdo] HA ke Hlgte W
oAM= AHT FHA FH F=E ek o]
H3 APEE mFo] Kol AEA X pSEN-AtGA20x4
TAAANE T3 AGA20x42] ZPTE 7122 source 71
1 oA Aoy, ol dexe] FHA Fd
7124 Bk F2 oA TRk uw 280l iz

Fr&

S

o] AE9] 3} dS Futshs AoE F=Hoh
AtGA20x42] &l 23k of 71t GA 2-oxidase

T FAze] T PFEs vas) BY oy Zrh

Ci-GAs(AH A A) S 71HdZ AMEste A FAdtelA

A 7B A DEAEE A1GA20x29F AtGA20x69] TEL
oI oA Atolo| A F ztolE YERA] ke
W, AtGA20x29] 73F AojlAe] W %ﬂﬂlﬂw x5
71—/\0}h 7—]0 t].;d—-s]— _/[: 01041:]. 1:1}111 aoﬂ/\-] tﬂ-z‘ﬂ
o] AL §lv AtGA20x19] 7% oHF I WOlAE H
RS UH tﬂo}iﬂ of| A °‘J+ g7l°ﬂ/\1 o] ﬂio}
T Ao, oA wde] A gl
7oA Ldo] At A:‘—?a:
w-GAs(AHEA) S 7]AZ AR}

Ir K
O

hET
¥ 3
32 SLL u
2%
off

& j‘;
(@)

o HHN

e ne r

S A A A41GA20x72) 73% 23} Heof|A Kol
Moz THAFY, 41GA20x89) 7 £} BelolA] wd
o] Axrt &2 W Z719 siliqued e Fidoz
o] Arrt dgith o]l¥d A @
AtGA20x48k PERVMAZ M= Ao UEhdA] oSk
o} olgig fHAte] g W H=E o ¥ wHol
AZ BwstRE W, AGA20x79] 735 WolA oA B
geoAe] Hd F7HE frdE o, AtGA2ox89l ha
AtGA20x79} PIRIZFAZ wolA oA EgleAe] W
S7F @dol yehgon, 5ol M F7]dA e i

2 HolAlo A A4 die] fEHEUTE= Aotk
Co-GAs(AMA)S 7]EZ  ALE3}=  A1GA20x73}
AtGA20x89) FIHLE 7AYol B GHEAQl

AtGA20x89F PRIZHA R 5t @S st o
A3l JtKSchomburg et al., 2003). 7] A+ ZAHE
A BHH Cu-GAs(AMA RS 7EE ARk
AtGA20x73} AtGA20x89) IEHE F=E sink 7]
ol kst diAb AE-S st ofist d4s
ok wh, Ci-GAs(AM A E 71d2 AL83

FHARQ AtGA20x42] FEHL FZ source 7] T2
°ﬂ/ﬂ okt At eS8 fxste ds dds
ste AR ARME + »)\% Jolthk. 12]al Cy-GAs
MRS S22 AHBFRe AGA20TT AGA20x5S)
W AH AN E, HHHO)E AGA20x4S] Lo <]
3 S s o FFHY, olg At A=
Al s A FEIF B FA o3 dEHe=
dojub=A] oy B FARIL} AtGA20x7FF AtGA20x8
of A5 A& o3 do] ve=A il Hrp we
ATES o7 & Aol

st B fHzE AWEA giAb Zgell oA
feedback mechanismol] #sla HFHoZ WA
olgl g  #AA=AE Q] S5
SEN::AtGA20ox4 WolA|ol A GA20-oxidaseE codingd}=
AtGA200x13} AtGA200x2, 1¥]3l GA3-oxidaseE coding
Sk AtGA3oxlol WiE A HAS AT =
3bollA K= nke} o] SEN::AtGA2ox4 WHolA= ofA
Yol Hlste] o5 fridxlel| digk WHo] BF Frhet
Fom, AFRHoZ AR BSOS o, 53] A9
A7) fFAA] o] BE FUFE oM, O]Eﬁ} 3
2 E e l:r GA37} A RS o ok FHzt
2 IFES & F Atk ojYg dFS
B, AtGA20x49] JJr““?iS HESAU A2
= s %Hlo}_ﬂ oje} 2 &4 AuAH
= SAA Y] WHE fEE=
g 9}915} [ﬂr‘jjr/ﬂ 2 FHAE A
13} 2o AATS & F ANen, B FHzto|
g4 A2 g Pr%‘% x]uﬂaﬂal ?ﬂ“q il

mm$%

[ 1]
GA 2-oxidase ¥ 703 =3 A FAAEY ZgoH



Blw|©

AlGAZ0x7
ALGAZOXS

SRR

=l 519/ F 20

T MERE 21/ a5 22
co NdwiE 23/ QU E 24
) Tubulin g o =) MAME 5D HE 96

©|m

<A 3> GA; Ao <] SEN::AtGA20x4 o)A &

2y 3E
X A3 uke} 2ol AdiGA2ox4 FRAXZE A
A o]3} Ago] B3 GA 2-oxidase &4 7]FS
7HRT A Aot wel, AAAO T 41GA20xd TR}
7F AuEE o]g} zHgol| FoseE AE Qs 9
sto] 3t A4 BARS JMAE SEN::A1GA20x4-99}
SEN::AtGA20x4-10 24& A8EZ 3t 100 M
GAs(Sigma, USA)9] T=& Wl & NRYUREH 1549 7F
Aog & 23] AHEtY F 309 FoF A& o]
o} o A AWMAAQ GAz;Y XY= AtGA20x4 A
2] oz sty &4 AuAde] gF FAE
st AR 95 RdY WHolAe A Aujdd
F 3ES 53k ofr)1Ad opEY e w4
o] &S fFd Aotk GAE Ak 93} ol
Ao At @2 WHolAE Hus| RS (=
a, b, ¢FX), GAE AZBIA B2 WolA] A5
AP GA AFS npet 2ol d3 FY HIFFS
Ehlen fax @d Arol oo uwhE} 93} @
4] zelE ZHAA Utk 1™ HhE GAYE A E
SEN::AtGA20x4-98} SEN::AtGA20x4-10 24919 T HL
HAE A opE FFoE FHFo] A¥A 3
23S B F AATh AAo gz} @do] HetA vER
© SEN::AtGA2ox4-10 BRI = GA;9] AP Z S8t A
o] oY} e HEY 35S Ytk ¢ 2
Az BEdoz Qg o3t RHFFS 7zl wolA|
S gt Al71el oA opAlEE 2 Aolr) §lle
o]yt 2 GAE ATS WHolAdMT ok
2 AJolE 7IAA] stk o]#d AR E W]Fo] B
oF B fixe AEY 3t d 2-d Fa3% 9%
g3dste v 8k A7) 2-d o o go]
| o Aoz FZA webA A7) 4tGA2oxd Fr
A gk Ax FAAZ FAASE A EA7} GA;
AHolA Y-S AT 5 Yo, o]eis Apa
YR LEI =Tt ANSAI7] 2-o)
= A7lsA FE
=5 AAKSH

Lo

d ol ol pgl O RH &

<A o) 4> SEN::AtGA20x4 W o)A o] Gl A FA
271004 AF3F ukel o] AtGA20x42] FLHL
oMl Boly e JF7IE sty AEA ¢}
F4S fsitha AGEAT olEs AMES T
FrolA FRI8H7] flste] wol & 309 Bk A5
At oRYE(E S5a) SEN::AGA2ox4 WHolA(=

5b), 23 GA; AT ®EY FHo| dod
SEN::AtGA20x4 WHolA(= 5c)2FE Ztz giids &
gt o)A A7YFS Tt R iy RS
ZARHAT 7t AEAZRY gl F22 gen 2
o] AYPHUTE =S 108 I TM urea, 2M

Thiourea, 4%(w/v)
3-[(3-cholamidopropy)dimethyammonio]-1-propanesulfonate
(CHAPS), 1%(w/v) dithiothreitol(DTT), 2%(v/v)

pharmalyte, ImM benzamidineZ TAH A|889qy &
Gxlo] w7l o AT 1 Gl F2
S gaiM 108 B 100TAA tdsti e, o
15,000pm o2 1A17F &< AR AS5HE o)At
HA71EFY N8R ARSI @ dY s 573
< Bradford HOoZ S35} thBradford et al., 1976).
Y=} Isoelectric focusing(IEF)E 18+ IPG strips M
urea, 2M thiourea, 2%
3-[(3-cholamidopropy)dimethyammonio]-1-propanesulfonate
(CHAPS), 1% dithiothreitol (DTT), 1% pharmalyteZ
H  reswelling SHOF  A2dA  12-16A13F A=
reswelling St} Strip B A2+ 22} 200ug¥ S A
SR o™, Amersham Biosciences A}Fe] Multiphore 11
system= ©]-83to] AX3I|ALY] AE WlRLS FTEHA
20°CellM  IEFE  3skdih [EF =1L 150Vl
3,500V7hA1 9] ERAIZRS: 3AIE EA &F%om, 3,500V
ANA 2647 AESEER st HFHOE 96kVhrt
=2 HAsY. olHoZ SDS-PAGES S35}
Aol IPG StripsS 1% DITE  &-f3lequilibration
buffer(50mM Tris-Cl, pH6.8, 6M urea, 2% SDS, 30%
glycero)Z 1027} incubation 3d}Po™, IWLEZ 2.5%
iodoacetamideZ &3t equilibration buffer= 10%-7+ T
incubation 3}F Tk Equilibration®] & H  stripsS
SDS-PAGE  gels(20x24cm, 10-16%) ol wEA17]1,
Hoefer DALT 2D system(Amersham Biosciences)2 ©]-&
ske 20°CollA HFHOE 1.7kVh7h HA A7ReHih
ojat M7 Eel  g4EE ol Ao wwALS
Oakley(Anal. Biochem. 1980, 105:361-363) 5<] =l
wal 2oz AASEGlon, AFEAT|d g
A 548 935l glutaraldehyde 2] ©A= A
Hh. 2@ ojxkd A2 AGFA AR Duoscan
T1200 27l 2799 27198 oA 22
A spots©] WAMSE FAS 9 HFHA EAHL
PDQuest software(version 7.0, BioRad)E ©]&3d}o] 43}
SFATE Zb spot9] quantity= total valid sopts2] intensity
2 ¥ F3Hnormalization) = Itk AEE TElA spots
Shevchenko 5] WH(1996)9] wel modified porcine
trypsing o]&3te] A2 @O Z grHoz FaH Sl
ok Al 27to 2 HE SDS, 718w, G o B
TES AASY] 918k 50% acetonitrile 2 A 2 S} Th
I o2, trypsin(8-10ng/ul) &2 reswelling 33l 8-10A]7F
Z=0137C oA incubation 3+3Th whla HEajure-o 540
0.5% trifluoroacetic acid®] 7ol 2ol3] FAZ UL
Trypsin®ll oJ3] Z&%x @id dHsL 584 Fu =
31459131, C18ZipTips(Millipore)S ©]-8-3te] 1-540 F-

ot
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2 g9 2 F5HAMY o] #F5HL T 50%
aqueous acetonitrile®] 33} a-cyano-4-hydroxycinnamic
acid9} T A, AHFEAE 5te] target plate 99l
el ey, A#EA7]=Ettan MALDI-TOF(Amersham
Biosciences)S AFE-SATE Target plate Aol 2 }5] o
Q= Tl GHEL 337nme] N2 laser A 98
718t" o}, 20Kv injection pulseo] <3 7}&FUTh
300 laser shots®] 2 peaksoll & Z-z+e] @A gpot
o I3t mass spectrumS T3} TE Mass spectrum®] i
e A typsin®] A7REsOl s B4E ekl
Z9jion peak m/z(842.510, 2211.1046)S 3+ peaksZ ©]
L3519t o] S4B mass spectrum O ZH-E Tl A
TS 9I38led Rockefeller t3tellA] 7)#3at ProFound
e A ol 7l
(http://129.85.19.192/profound_bin/WebProFound.exe)=  ©]
&3tk

i 2% W71 A1GA20x4 FRAAL] HLE
213} up-regulation®) 31 GA; Aol <&l T g
o] opY L] FFoF IHE Tl gt £4 2
Fo|t}. TH|FAE B AFolM AtGA20x4 FRAAY T}
ol o5 down-regulation® TEHAEL Ao ZolE
ATk F 29 ZAFoA BHZo], FoEG FH|Z
e A1GA2oxd AR FEFe] 3] B2 4
A A G Wy ke fasithe folth
AFolA EAE @A OF F 50% o] o
o] EA Al wlAQl AR Yeigton, vz
Hae AExdy e AE &7|3 g weEg]
Aoz  gexoh  olEg AMde A AFET
SEN::AtGA20x4 HO|A A AtGA20x4 ALY & 71%
Ao FolF wd Friel WHG dHo] e AL
2 ety mEA 41GA20x4 A 9 7)ol A 9]
SolA W Frhe H3t @4 fEo #dEE oy o
24 g dwdEo #y FUE fEste o=
T2 F Aot 28y AuEY A dgy dEd
W F7F B A A S wstel] e
WAol Wy F7h Fo] X 5L oE AE A7H
A FE o] FoHT o] AMIL 41GA20x4 AL
© source 7] 1o HEA B duiAe] @y %
As =k, o] Tt HTZHOE simk 7]l A
o] YepAl Hol A& s dide] 2AHe
Ao 7 FZHrh

o e i Ho Ay

[3 2]
AtGA20x49] I H| 23| up-regulationF] 3 GA3 *E]
of oaf LA o] EHE diE 4

SpotNo.  Mw Arabidopsis protein Name Locus Tag.

T
T HARVESTING COMPLEX PSil); chlorophyll binding

15 2230 ATP-dependent Clp protease proteolyticsubunit

306 43.09  SBPASE hydrolase AT3G55800
401 4875 RPS1 (ribosomal protein At5630510
INA42); m AT4G18480

putative

omplex gene 4); chlorophyll binding
protein (LHCP AB 180)
AT4G31390
rbonate dehydratase/ zinc fon binding
d AT5G01600
3-is0pre ropl ative AT5G14200
2507 50.73  ADG1 (ADP GLUCOSE PYROPHOSPHORYLASE SMALL SUBUNIT 1); glucose-1-phosphate adenylyltransferase  ATSG48300
2604 59.62  ATPsynthase CF1 alpha subunit
2701 6411 ALDH1048 (Aldehyde dehydrogenase 1048); 3-chloroallyl aldehyde dehydrogenase ATIG74920

Cytosol and other organelle target proteins
teasome AAA-ATPase subunit RPTS2 AT3G0530
1805+ 96.01  UBP14 CIFIC PROTEASE 14); ubiq AT3G20630
717 6633 RCNT(ROOTS CURL IN NPA): protein phosphatase type 24 regulator AT1G25430

i 3 AT3G19290
AT1G09780
ATIG47110

AT1G17290
AT3G13930
AT3G16420

* indicates Stress-related proteins; ** indicates GA signalling-related proteins; *** indicates regulating proteins of
hypocotyl elongation.

(55 37891]

(379 1]
7] (@), (b) 2 () FLAWHEE oo} T
AAgE, 484 g8 fE 5 e B9

(@ AEHE 20 FAE opreit A WAE X
et Felwes;
(b) AEW 5 20] 7AE oprleit Hge] AR

Q HES TP B
© A7) @ EE (b)) FeAE=d dgew
A BeE

7% 2]
A 7149 ZLE =S d3stele deld
g e QEE.

e

(%3 3]

37 (1) 24 2 () GAE =
EAS] Az,

() Ao ZYFIYLE=E AEAZE FAA
A7) B, 2

s

i)
PL
rlr
o
oty
1>

(73 4]

A3atol] oA,

A7] A ZFEYLEEE AMEHI 29
A otueAt Mz o]FojF ZYHEE=EE 4T
gate faA9 2e 5902 s 95 AEA

H7) Apgel EelwZEeHE: AAWs 1o
ANE GANDR ol2old FHA AL EAoR
S R DI EXa

(743 6]
A3aol] glofA,
A7 (1) SAE AMIHS 20 7HAE ofm]iil
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NER ool EYAHEE Fuee HAAE
TP Az AHE A2 FAABAZO2H
JRAAE AL EHOE e shah AEAY AR

.

(773 7]

Al3gtel] glojA,

A7) (1) SAE AEHE 20] 7HA1E ofp] At
MERZ o]FoR ZYHEHEE dugshes FAAE
¥l Az HEHzZ gddsd olazdbe e
FHIAARE 25 FAASFAZOZH o]Fo]Z|

A o2 she= di5t AeAe] Al

fr

KN
=

(7 8]

7] (1) &4 2 (1) dAE Eg3te 93t 2
B4 Az,

D) AENA NEWE 19 A7IMER o]Fofx
FHA e AEUS 19 97IMET FARE AER
olFold FAAE FHLAAE B, &
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pSEN-AtGA20x4 A|Z% WEZ FAASE o7
T, 2491 9 ¥} 1099 73t A 71e tigh Yo A&
Yeld  Ofolth. = 2de  pSEN-AtGA20x49}
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AgE f71de] T, 2kl

T 3ae ol £ 30 EeF A5 of 71T ofA
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Flowering behavior (number of leaf)
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7he AEAY 27] =3t d4s FEeth LL}E]-H
WRKYS3 FdA= 2184 3o i3k positive
regulator®] ZASZ HQJATtKMiao et al, 2004). 3+ NAC
AARIAE F AINAP A% 7] Frztel wpzirbA]
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W3 EY %Ol x3d 7A4°1E}

T3k B HAAMA "NERE 19 E7NES f
ARGt MER 1 o fFRA@ AR MEWE 29 of
nesks dsslEtaME ZEY FE A (codon

degeneracy)&.2 13t MEME 19 FHAS} T ¢
7INEE %‘t FAA}, MEHT 19 G7IMLER o]
Fo4X FAHAS] FZA(homologue)ZA A& =3}
A4 715E AYEA 259 FF wE gE A
29| AolZ 3l MIHF 14 A7INEY T2 4
NHER o]Fo BE FHAE Este= ootk
714 AT 19 E7IMEH FAE AER o]F

A FRAE AEWE 19 FVAER HME FEA
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o) ¥4 wgARL, M g
100%9] NE AEHE A

fr
> 03:,

<
AMET 60% o] AME Fede AYs A5t vk
2% Aot Bt} o FAFHoZE 9 AY
60%, 61%, 62%, 63%, 64%, 65%, 66%, 61%, 68%, 69%,
70%, 1%, 72%, 13%, T4%, 75%, 6%, 11%, 78%, 79%,
80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% %
99%9] TAMUZ FolAFE nlEA st

T3 B Ao A, "pEdrolgt oAy AEA|
ST ol wHS 9wdith o]
471 AEHE 19 AR MEHE
o] AVNMLEY A LR o]FAR FAAE A

2

= 1
T 7Fsd 9AHEEE IEE Y AUATIE B,
2 (i) 1 FEHEHES AEAd FEAGETAS =
kel A=
B AN, AE TbssA ol faiztel
AAb syEEwee] 9% wES AdHte vl

|
o oA owd ZREZL 25l dE9
Azpe] el 9% Fohd O ZZEES}
e AF 7hsshAl ddd Aotk
£ BAMAA, "2 qdreld AR EA7L

a9 QFE AR WA WEE W) JPL
M3 5 Qe ZE AGS TP Julol, oleid

24 Adde Z=RH ANY, Wsd AL
(polyadenylation signal), &4 7|A1H-& FE &3}

EI B AN, “ZEREE GAAl 4
A TR orE w2ed, FAHcEE ofd F34
of A AAFE TIEeE AREEFH)AN AASA,
DNA-9]Z& RNA Tgasdl Wigh 2 791, HAF 744

»
A, A A4 AT 9 B EFRE, St ol
FAR AAE AddsE A% 2t A HIS

N

ojmjgith. olejdt 2 REE 17l0] M AE Y
3% AAF AWAA ARl e TATA BR(BAF HA
A (1) 20 WA -30 Xl EA), CAAT BF2(F7
AAE Al F-91eF vlwste] digk 275 Y|l EA)), 5
JAJMA, WAL AA] Q1A 55 Egsich
AME 7bss T2 REE 7 97
=

19 A4 FRANY 5 Jre

ERHEE 484 24004 AAHoE BEL f
e Z2RH), 54 ZZEEHEF IR A
o 22 fA7e] WHL fEoE Zey ®
4 W A 53 2HeN Selgoz B4
Tole ZERH) BF ARE 7 Utk AR 7
St 1A Z2RH g d2e FYEH9
EA}ol= mlo]#(CaMV: cauliflower mosaic  virus)<]
358 RNA fr3zte] Z2RHE 5 4 A3, 1wl &
H) A S (ubiquitin)  AlBe] ZZFE|(Christensen et al.,
1992, Plant Mol. Biol. 18, 675-689; EP0342926; Cornejo
et al., 1993, Plant Mol. Biol. 23, 567-581), H el =
L E{(Zhang et al. 1991, The Plant Cell 3, 1155-1165) &
= E F Utk AFE s fEA ZEREY dEs
T2 o]d o3l &gy AR HEZEVR] X
ZEE(Mett 5, Proc. Natl. Acad. Sci., U.S.A., 90:4567,
1993), | WAL EZolm=o] ofsf BF3tHE In2-1
2 In2-2 ZZYE(Hershey &, Plant Mol. Biol.,, 17:679,
1991), F3IZIZ2EFo|=9) 93] 4= GRE 23
] &(Schena 5, Proc. Natl. Acad. Sci., U.S.A., 88:10421,
1991), olghe ZHEA ZTZRE(Caddick %5, Nature
Biotech., 16:177, 1998), B]EZ2: B2 XA FHO|E 712
E A4 (ssRUBISCO)Y] & MERFYUEA 3 3
ZH4 ZTERE(Coruzzi 5, EMBO I, 3:1671, 1984;
Broglie 5, Science, 224:838, 1984), YH=# Alg}A] T2
SE|(Velten 5, EMBO ., 3:2723, 1984), =2 2lEHA)
(NOS) Z2XH, SEH EMA(0CS) ZZ2HH, €
2 ZZTE(Gurley 5, Mol. Cell. Biol, 6:559, 1986;
Severin 5, Plant Mol. Biol., 15:827, 1990) ¥ SFH ¥
(glutelin) ZZXH, F 2 AE(lectin) ZTZRE, wjF
el Ye(napin) ZE2EE 58 S F Ut
Ax F24 MEe  polya) HrE AE
(polyadenylation signal)Z 2}-8-8}= AMIZA AL ¢
=)

ofr

;A

off o rir r(‘ B[k

™ Ho

24 2 £84S =7 A Zelth e 5 9
A 57 e e w2 AeelANOS) #3
Aol A $2 A9, W a-okdelobd RAmyl A
A A A AG, b1z e BshA s
o) SE2)Octoping) FHALS) HAL FA AL, W &
&2 w92 179 WA B2 AY, F HEAR 40
o A A AL, W 2R G449 WA 52
A, W ehelolE delol =2 AAl A B %
4 A9 5¢ 5 & Ak

A7) WRAE A8 oA GRS T
Ak o714 WA fRAF THE v FA4E
2RI AE EE AR AT 49 JPsa o
Y42 guate AA4E duan oA Fa4
FAED WA AAAL F Y AxA DA K
AY ST vk AP AW wARARe oz of
dedl dobrluAe f414, HsEREd ol e

e rr
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c

w FANN, 7] 1 REAe
R 9% %7 HBAY
SJujsie, 1 gABel AHgE
sl FAAE 57 HBA, © G
o AE h2 EQ5e] AL Aol
vgth 714 sjel AR E3
B FAA7 TP, FEY
A EE 9 FAT AREY
se, olEA FHAE A0
INE EANA WE fAAE BaT
o frel fAAE oo A=A
oA ErkE 4BANE olF4 FH47} Auk
A

o
s

oft to AC)
=T AT

o
2
59
(& o
ol r_>rl_,

o
i
[
oX,

o

o o
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o

oo rlr

rit e

W, N E2

tjo e

fo mg W e 2L

offt
o,
o
[

A7}9} o) %
A 5% 7]

4 fARE o)

oflt o
) =P
£

2 D

A K

= 1

offl
of
oX
o
2
2

q

S, o AR AES FAASAT=
He Al TAE WS ARE F Sled,
O FA2 F5 AR AR A A g
2 Y(floral dip)S ©1-8 in planta BE
st w7l FAXE P, AP AA ] FAHS
vlolg) & wiy] FAAS W, YExF wpyf ¥4

3]

T2 (K P o

X, O
, oL

¢
[‘

Wy 59 A 4 Tk E9 54 424 A
FAAS PHL HEste] AT F= e, Ay
S5s2  PARBAIE  wMe RS Us

833-839), =¥ (Gordon-Kamm et al, 1990, The Plant Cell
2, 603-618) Foll MAE WHS AHEE 5 glom, H
S FAHEA717] S WHLS EH(Shimamoto et al,
1989, Nature 338, 274-276), & (Datta et al 1990,
Bio/Technology 8, 736-740), =AI53 WO 92/09696, =
AES WO 94/00977, =AISS WO 95/06722 5l 7H
Al S ARE vk & EvtEY g@n) dEd
goll 9lojr= E¥(An G. et al, 1986, Plant Physiol.
81: 301-305), ¥3¥(Horsch RB. et al, 1988, In: Plant
Molecular Biology Manual A5, Dordrecht, Netherlands,
Kluwer Academic Publishers, pp 1-9), &% (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 AAIE WHS AHEE 5 Utk
Ak o g AES FAASAHA Qo] Beol At
Aol, AAFE ofazulEleR {2 EA,
255 AEA7IE etk
uhe gl g0l wirlE FAHE WS
A F FAFH Jem(Chilton T, 1977, Cell
11:263:271  fr§53] EP 0116718; "=53 US
4,940,838), 54 AEA A WHE GHA
A=l Aok dAd Esfo] disixe m|H53 US

~~

olrt

[0
— o
H
ok
(o3
o
u
f

5,159,135, Foll talix= w=53] US 5,824,877, &5
o e m=ES US 5,591,616 58 HZ &
Aot ofizZutH PR vz FEHAF WHLS Ti-EEhs
HEE o] g3, o] ZEAn|EoE T-DNAE A&
Axe Awmoz FIAE & U= 35 ZAl(border)
Aol x34d Zloltth

B, 47) (b) A9 wAE AP HEAE
B AAPAA, A 3 @4 QY FEU 29 3
A B AW A 5 Fa SAoR AWsAL,
A4S Aol A8 v A4 PA 3EA8E
ASole A vH FAAE olgel ART F 9
orf, Yot 424 I FUY EE 5 I
W, 37 MEES EE WY 5L Sael 48T
F ek

£ UE EFHe] glold, ¥ #we = gE 39
o Qlof, 2Ed2 WA A=A Az Pl B A
o,

B Ao A, “«rEH 2 E AshY AEG A E
T 7HE Z2E#2E on|gth
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S7HF SAS 23tk = S HEA ot
271 () e FEFHer F99 F s T O SR SlojA, & dHe 4] i
d, olgg 333 Wl daiMe 7] 2 i o] 2Eg 2 WA AEAY Ax W ot fof
o =3} A AEAY Az W #dsie] A 0, Mg 19 78S Ze A e A9
nke} gt S 19 @7IAEH AR eSS 2te FAaAE I
271 (b) SA= A=A YA 27|15 Hlasto] dd 2Ef2 W8S Ze IEAE AEA @
Feto g AEstAY, dAAE Al AdE v {32t Aol
7b 3 #EAEE Aedde A8 v /FRAE o HhHE gk Sdo] lolA, A7) AEAle AEvs
gt A¥d = glon, ke A £ ATty 29 O}ﬂhi MEE o]Fo)7 ATGHI ©HA S 435
SAY F Atk E ol WS EFEl SAHT F sfele FAAF 53] MEHE 19 d7IAES Zde f
T Sk A7} CHFM AP 2EfE YAS 2
T g 9 glolA, & ] HEA Y =3 = ARG HEA ot
£ AAA7]= el g Aojtk T OE ¥ glojA, B die 7] By
B e AEAY =35 AT WS (a) o] WA F7F 58S Zte A=A Az Wl o
AEHE 19 A7IMES Ze A B AEds st dojxl, MW 19 AVINES Z2te FiA &
19] @718 FARE AES 2t FRAE 24s = AEHS 19 G749 AR HES 2te 74
FLAAND e 2d ML ZF ThssiAl 942 A7F ptddE A S 548 2te 2 4
HES wEwEd AP (b) 2T TAHEE A= EA #Hg Aol
Ao ARG =GAE T Ll e %‘?301] JolA, A7) AEAlE s
T TE SR SlojA, B e AEA Y 2E 29] ot MER o] Folxl ATGHI B9 EE ¢S
glzol o WAde S7H71 Wl 33 Aol 33l fFAA 53] MW 19 A7 IMES 2 &
B o) AEA Y 2EH 2 g WS 7t A2 ATGHIZY =15 g ozn Ak F7t
Al7lE HHE (a) AEHE 19 E7148E 2t 74 5A4E ke 3438 AEA otk
A e MENE 19 A7IMETR AR MES Zte B gAACA, 7] “BARE HEAE s
FAAE RS ﬂ%?ﬂf\l?‘ Je 24 AEd & g AT F de HE A, *‘E z4, &
T sl QAHES dEWH AUAIZIAL (b) L = AE TR A7l AR 2dEHol 3AHEE
LR E S A EA ] ARSI =HAE T 7A5-Hnk ofUet FAHSE AE] wnjo] o) A
T TE SR SlojA, B ol AEA Ak ol 3" AEA, A8 T4 A= AXE T
Fe S7M7IE Wl BE Zlolth
o] AEA e S STHAITIE WS (2o ax]
() AEHE 19 F7IMEE Ze 74 e AEd At viol o], & Il wEW AE9] =3}
S 19 G7INEH AR EE Zte fAAE A AA 7 R 2Ed = WA 7S ZEE ATHGL 9
< HLEND F e 24 MG &F ThssiAl A 23 a3 FRAAE AT F Aok 7] FAAE =3
AH T wEH A AP (b) 1 TAHEE 4 A4 7sS zta 2EHE WA Tlse THAER, ©f
Ao Mg =TAE T3 FAAR AEAE FEASANE A5, AEY 3=
371 s 7] @) R () @A= 371 2 AQATNAL, AE WS ST, ZEH 2
g o] w37t A|A" AEA Y Ax W #Hsto el S Z2=s & 5 o
Arg gk nheh 2t
T U2 SWd glojM, ® wHe 4] £ I (=9 zheet 2]
o] =3t AA AEAY] Ax A st} Aoj, A T 1 AEY =3 AA 7se Za & 2EY
dWs 19 Q7IMEs Ze A Ee AEWE | 2 WA 715S Zbe ATHGI F3A7F Al wgko g
o] @7IAER FARE MES Zte A FEEE =¥ pCSEN-ATHGI Az WHe FXEALR)S
=3t AA EAS e FEAS HEA B3 Ao UERd Aol
o} T 2& A7) = 19 pCSEN-ATHGI AZF HHE
FEAHGE Q7 T) HES Tt & 60d T2

=

3 of713e) Apelt.

1 Col-0: 714 th by F

s 7 ATHGI ox-a: pCSEN-ATHG1 A|Z=F W= J2H

SRS SR sleld, 7] 4EAE Aeus
% o]Fo}x ATGHI ©¥ZS& o35 A

3 AgHs 19 NS 2% §

AR =Fo] g omn w3} Ad EA

‘HU



S of71ET T A=

ATHGI ox-b: pCSEN-ATHG1 =3 WEZ FAA
S WA T A=

T 38 A7) = 19 pCSEN-ATHGI AZ§ #E =
FAASE A7 T, Bl ol F 609 F<¢F
A5 of 713t o] Apzle]tt

Col-0: o 7173th oFAy &

ATHGI ox-5: pCSEN-ATHG1 %% WEZ &
SHE of 71T T, 2l

ATHGI ox-6: pCSEN-ATHG1 A% WEZ &
SHE of 71T T, 2l

T 4e A7) & 39 7R glY AE RAT
Z2r K (seed yield)S YFERA Aot

Col-0: }7]73eh o8&

ATHGI ox-5: pCSEN-ATHG1 %3 WHz 24
SHE of 71T T, 2l

ATHGI ox-6: pCSEN-ATHG1 M=% WEZ F2AA
SHe of 71T T, 2l

T 5= ol 3 259 Bk A o7 oA
E(Col-0), =3}x|Ao] =¥ WHo|A| ATHGI ox-5, &
3l ATHGI ox-62] ATGHI 53} ¥+& kA4S RT-PCR
S Fote A% AFHE UERA Zloln, ACT8S PCR

] %

L

i

)

%

L

)

i,

T 62 do} & 25ARE 7AYo E(Col-0),
o|A| ATHGI ox-5, 18)1

=
WHolx| ATHGI ox-5, 18iL
ATHGI ox-62] 3-4¥ FFL v 5vic} 60L7hA] o

tr
o
N
2
o

F 25458 N7 o P (Col-0),
=3t AAo] fFrH® WOl ATHGI ox-5, ZB]aL
ATHGI ox-69] 3-4W HFS v 59wt 6047HA <]
FFAE &S FvFmE 2ARSE 2ot

= 9= ob ¥ 25UFH 71 H R F(Col-0),
=3} Ado] f=® WolA ATHGI ox-5, 18|
ATHGI ox-6°] 3-4¥1 <GS v 597ttt 6097HA €]
=3} wA FRAY FE SFFSqRT-PCRE Foke] #
Agt AF4E YeRH Zlolm, 4CT8E PCR U4 =+
ojth. C4B2& PEab AT ©A frxz}o]al, SEN4
9 SAG12E w3t §AAZA, =3 A FARSo|)

T 102 ol 3 259A of7)1d oA F(Col-0),
=3} Ado] f=® wWolA ATHGI ox-5, 18]
ATHGI ox-69] 3-4¥ FYE detachdt] SHEE
ste] wf 2wt} 14971A] 1) REFS HES 1
olth.

-

= 11

r
r
o X,

ol 5 2594 f71F R E(Col-0),

=3l Aol fFEH WolA| ATHGI ox-5, 22
ATHGI ox-69] 3-4W1 < detachste] IS
ste] wf 2wttt 14G7HA] 9] PEL FHFS AR
ao|th

T 12€ ol Z 2594 of71d oFAE(Col-0),
=3} Aol Hx® WolA| ATHGI ox-5, 1AL
ATHGI o0x-69] 3-4¥ HEE detachdle] FFEHE FA
ate] wf 29vit} 1494714 Qo] B EESFvFm=E
ZALgE 2otk

T 132 ol 3 254 of71g oFAE(Col-0),
w3} Aol fFEE WolA ATHGI ox-5, 2
ATHGI o0x-69) 3-4¥1 S detachdte] PAEHE FA
sto] v 2wt} 149742 S19] =3} wiA AR
HE S RT-PCRS 53t w48 4945 Yepd
Aolm, ACT8E PCR 43 thxTo|ty. C4B2, SEN4,
and SAGI12: =3} v7A Aot

T 145 ol & 2594 718 ok (Col-0),
w3} Aol fFEE WolA ATHGI ox-5, 2
ATHGI ox-69] 3-4¥ #%S detachsld 6¥7t TBe}
DAB @4 gdlog Mg & v 2dvitt dAvjFoZ
HEe a”olt

T 155 471 = 149 of71T o E(Col-0)9F
w3l do] FEH WolA| ATHGI ox-59] 644 TB ¢
A 83 495 DAB G4 Ao oigt ) 1do]

]_

al

T 168 ol 3 2595 of7|A ok E(Col-0),
w3} Aol Hr® WolAl ATHGI ox-5, 1L
ATHG1 ox-69] 3- AL detachd}e] 4¥47F H,0,S
Ag)g o] 19y WeE =AIZ T1olth Mock A
= gx2TFoltt

T 172 ol T 2594 of718 oFAE(Col-0),
=3l Aol fF=HE WolA| ATHGI ox-5, 1gal
ATHGI ox-69] 3-4¥1 HHE detachdle] 497 H,0.5
Aglgk 1o HEA T HElE TAS agolth

T 182 ol = 309t 139 B 7HE AEgh
3 o) 71 oFAYE(Col-0), =3} A o] FE¥ HolA)
ATHGI ox-5, 18]l ATHGI ox-65 &3+ AR otk

T 195 ol 3 3094 of7|FH ok E(Col-0),
=3t Aol f=HE WolA| ATHGI ox-5, gL
ATHGI ox-65 139 7Hes Agsta, 1 &<l
dojt 9l FA Wels A agolt

T 202 of71A A& AA A ATHGI-GFP €%
dlFo] Ao o o]Fg HAF= 1Y olth

GFP control: %A thZT<1 35S-GFPY] &3 w| 73
st A #EE = AR

ATHGI-GFP: ATHGI-GFP2] #3dn|7 3lox o
ZE= AR

T 218 AN LFEA| A ATHGI:GFP &%

oft ;&T“:
Y
o
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duldo] o g o]FS IRAAFE 1otk
GFP: ATHGI:GFPY] &34 dn|7
/\]-;(]
DAPL: of71dt] A3 dA o] 3} HAef gt 33
dAn) A AR
Merged: GFP ©]W]Z|¢} DAPI &4 o|m|x]¢] §3
=

White: 1714t) Q8QAe B3t @A alelA

[49e ANs7) 98 FAH WE
I & sl aNdE B

s}oq w3,
wige] Welzk oleid 4 -

1A] ol o] ‘Jxé

>}LL1

<AA9 1> J7IBHERYH HE9 =3 AF 7]5e

Zta = 2EHX YA 7)15S e ATHGI FAAS)

M
o

AEo w3 A 7% 9@ 2EFHA YA )5S
e ATHGI FAAE 714022y Eejs7] 98}
o ey 2 BAS Sy

<FAl 1-1> 71T Al B oEjeF
N7 e EYFs e sHEolA AietAY, 2%
FIZ Z(sucrose, pH 5.7)%} 0.8% ©}7Hagar)7} EZ3He
MS(Murashige and Skoog salts, Sigma, USA) H|A|E ¥
< HEZ dHANA Aufstdet. Rl e wf=
2TCo 2xoA 168 By F712 2dH= A%
Z77)(growth chamber) oA Au] )53t

<AA)d 1-2> RNA FZ3} cDNA Zlo]E3g e AZ

°§ 7174t ¢cDNA ol elg]E 7] fsiA o
3} TAl9] o7 HAA| 71T O ZHE RNasey Plant
Mini Kit (QIAGEN, Germany)2 AH&3le] RNAS F&
393, 5% AA RNAZHE Superscript 111 Reverse
Tanscriptase (INVITROGEN, USA)S ©]-83}o] ¢DNAZS
/st

> 489 w3 A 75 ¥ 2EYS Y

8 715S ZHe ATHGI F3AHEE

o71gthe] DNA A% wud A oy
(DNA-binding protein-related, GeneBank accession number
NP 193515)9] @7IMES 7|22 ot AEWS 308
FAE AFEL Bglre) Ago] ¥3d gwrek gt
o|(Bglll/AT4G17800 SOE-F, 5-AGA TCT ATG GCT
GGT CTT GAT CTA GGC A-3)9}, MEHZ 42 HA|
W3 AGEL BsElS] MEo] E9tE AU Eetol
™ (BStEII/AT4G17800 SOE-R, 5-GGT GAC CTC AGA
AAG GAC CTC TTC CAC CG-3%Z A8tk 471

T ZgolmE AREste] 7] <AAd 12> A AxzE
ol 717t ¢cDNAZHE PCR(polymerase chain reaction)S
o] 83t A cDNAE FEslal Hshth

471 B2lE cDNAQ £ Azl oF 29.7 kDa<
Balgks zh= 202709 ofbu|ieAke 9E3kEle 879bp
A719 AL slE E(ORF)S 7HAL 9lom, 1 7]ef o
E(exon) o2 TAF] S-S AU, AT-hook =
wels 7R o] o]& ATHGI(AT hook protein of
Genomine 1)Z WAtk A7) A dEs}sh=
ATHG1 ©&e] 5 H(isoelectric point) 6.41%2 LFE}
Wholslt A oA E AlESle] "ATHGI" =
2 "ATHGI 3A"e} sta, @waLS "ATHGI" 32
"ATHG1 Tejrolglal gh).

AA o 2> ATHGI A 3 A2 F A A (construct)
7t 2999 FAAE AU FNY Ax B =3 g
54 4

<AAle 2-1> ATHGI frRAe] gk A= 78471 =
okl ?ﬁéﬁﬂ of 71t el A=

A7) A e =3 Ad s 3 2Ed
2 U 7Ee ZEAE FRIs7] I8t ATHGI
A7 Az oz £9° FAAS 7S A
Zsto] ATHG AAHA 9] B3-S WAtk

ANENT 38 FAHZ AFEAL Bgllle] MEo]
F3E AdF mgloly 2 AEWE 402 FAHT
ARFES BsElIS] MEo] xobd G Zelo|ME
o|g3ke} ol714hel  DNAZRERCRS ol &5}
ATHGI cDNAS F33I90th 7] DNAS Adas
BgllI®} BstEIIZ ©stal, inducible promoter$l SENI
22 REY 24E UEE AZg pCSEN HES] Al
Wapoz 2dale] ATHGI A0 td Az 74
A pCSEN-ATHGI AZF #EZ Adsigh. 47
SENI ZERE= 459 4% Wi b} Tds=
FRA) sl Solge e,

W, & 1S pCSEN HlEd| ATHGI GAA7L A
ko 7 w99 pCSEN-ATHGI AZF HEHE T
& ago|th. & 19]4 BARE HEAEF AZA ] g
dAde Hos=  BAR -+ AKphosphinothricin
acetyltransferase gene)= 7}8]7]1l, RB= LE2Z 77
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CaMV 35S T ZRE, 35S-A=CaMV 35S RNA polyA,
PSENS SENI ZE2XH, Nos-Av =38 A 34
(nopaline synthase gene)] polyAE 71|71t}
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gstal, A2oA 1A17F 52t 9 A7 & 70% o'
S(EOH)S o]&ste] A 2 314& f=3 *
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A A& A A (protoplast)ll transfectiondt F &% aU]
Z(fluorescence microscope)S ©|-&3te] FASIH,
9] $1A] image= DAPI (0.5ug/ul) staining ™*H(Paulus M
Fong et al. Cell Res. 16:479-488, 2006)= F3}o] <l
Eii=g
a3 A2 & 20004 =AE HkeE o),
ATHG1::GFP2e] &go] & Zoix 2E gFoz gl
S AT F UATE Autodl M FHE Mo F Hols
713-E dEA otk oleg g% el Wy L7t
HAE AGlatr] flste] & AME= DAPIE ©]&
sto] @S A¥, ATHGL:GFPS] o] dlex Uel
S IR & JATHE 21). ©]= ATHGl ©HZo]
3“°i olFEo] 3 X Tes FAIE As
HoFE Flo|th

(5513739
(473 1]

AWz 20 AE o}k T 90% ©]A4F
A

o NE PEHS 23, 4B =3 AD 75 L 2
Edz Wy 5 2E A

¥+ 2]

Alge] AL Fssshe fa4,

(479 3]

(@) AP §H4E 1S Hud
24 Aol A% Fse AAHES LEuEd
A B A

daA7IE g, (b)) 2 EEw
FAARE WA, (o) =3 9" FEIL e
AEAE AWk WS Z3etd TAHE =3t
ZAAF AEA Y Az HHE

(47 4]

A3l glofA,

71 e ME
dosle FHAA A
Ad" Ao Az Wy

s 29 op=At NEE
S 5Aoz 3= =3}

[+ 5]

A3atel] oA,

A7) fRAE AER
dzglele ARl A
AdE AEA ] Az .

3T 19 d7] AMESs
_1;:__
h

(7% 6]

@ A FAAE 2As HwANE S
AeRH Mg AT ks dAEEE
T AQATIE WA, () 2 LdHEHE
AeAldl AP A, (o) 2EHS WA
FA¥e Ze HEAE ﬁ@s% R e
TS 2EHS WS e e Ax B

(g3 71

Aedol oA,

27 e Mgd
olzslal= SARel AL
AEA Y] Az

5 29 o=l AL
Edog st AEHA

72 8l
Aol SlolA,
71 wAE MEME 19 97 ME
KR

(479 9]
(@ A2 FAAE RS

28 A A5 b5 ﬂ@ﬂ&% g

AN WAL (b) 2

4+ 101
A9l lojA,
CEA 474: AEHE 29 ofpwat MIE
EAQog e 2Efx

[+ 11]

Aeatoll oA,

A7 A AMEHE 19 @7l AMESs
odaslale SAR AL EAozm = AEHA
WAE Zhe AE8A9 Az W,

[+ 12]
(a) MEHZ 29] olr it ES daslel=

- 123 -



AAE IAS HBAND 5 YE 24 NG A5
el AAHES BANE ] 4
SCEERER LI FEE

Aol sk ADATIE W,

(3 13]

(@) NEHE 29 opu|x=t MES dEdlele
e 24S FTEANE F de 2E XD
2 7hsetAl AAHEE dEHE AYAIZIAL (b)
o ZEdEE AEA  FEAB= =

EPshe ABAY 2Ed2 WHS Z7HITIE P

(3 14]

(@) NGz 29 opH|x=t MES dEslele
s a4s Z
AE 7FesHAl AAHESE dduEY AUATIL (b)
I IEEEHE AEAY FAASN= WAE

P HBA ANFS FTHAIE B,

27 AEAe AEHE 29 o=t MES
EQEo] Hddo s =3}
Z N 7

(3 16]

371 AEAE MEHE 29 ofHxAl MES
dzsete A E=YEY BidEgoEy
2EH 2 YAS 2te JAHE A EA.

(4% 17]
271 AEAle Adus 29 opngt MES
5]

k3
of I zH At

[8.9FA]
[2oF]

B oamoe Aol w3 XA /)5 @ AEFGA Y
A 71sE Ze ATHGI ©¥ids} 1 37 8l o5
=5 MAgh 47 fraAE gEAsE HEAE
HEA S =3t AT, AEF ST 5AE Bol
o, 84 2Ef A 53] 48 2Ef A B R AEY
A~

of W< Hldk

(=]

- 124 -

ATHG1 ox-a

Seed Yield (mg/plant)

120

100

80 |

60

a0 -

20

EcoRl  Bglil BstEll

Col-0

pCSEN-ATHG1 vector

ATHG1 ox-b

Col-0 ATGH7T ox-5 ATGH1 ox-6

Col-0

ATHG1 ox-5

ATHG1 ox-6




Col-0

ATHG1 ox-5

ATHGT ox-6

Chlorophyll content (%)

FviFm (%)

ATHG1

ACTS8

—e—Col-0
25 —m—ATHG1 ox-5
4+ ATHG1 ox-6
0
25 30 35

ATHG1o0x-5 ATHG1o0x-6

40 45 50 55 60
DAG

—-Col-0
20 || ==ATHG1oxS |
ATHG1 ox-6
0
25 30 35 40 a5 50 55 60
DAG
(= 9]
bl 50
- e (k)
s == ATH3 05 o 40
]
> 15
@
2 100+
-
2
Q0 %
14

]

4 45 0 5% 8
D6

B WK WH DM

[= 10]

Relative value

Col-0

ATHG1 0x-5

ATHGT ox-6

- -
@ 2 ™
g 8 &8

&0

—o—Col0 }
20 | —m—ATHG1 ox-5 |

Chlorophyll content (%)

ATHG1 ox-6
[
0 2 4 6 8 10 12 14
DAT
= ]
12
100 -
80 = ey
£ oo =
= :
3
& 40
——Col-0
20 —— ATHG1 0X-5
- ATHG1 ox-6
0
0 2 4 6 8 10 12

0 _-r\‘ A L A AN ]

[= 14]

ATHGTox-5 (-

ATHGT ox-6 [

- 125 -




[= 15]
Col-0 ATHGT ox-5
DAB
(4 DAT)
TB
(6 DAT)
[= 16]
Col-0
ATHG1 ox-5
ATHG1 ox-6
[= 17]
120
m Col0
mATGHT ox-5
100 ATGHT ox6

£

Chlorophyll content (%)
@
3

.

[= 18]
0 DAT (30 DAG)

? L)

Cotd ATGHIox8  ATGHI ox§

v
Col-0  ATHGT ox-5 ATHG1? ox-6

W
S

Weight of whole leaf (mg)/plant

[= 20]

- 126 -

Auto

GFP

ATHG1 ox-5

Merged

ATHG1 ox-6

GFP control

ATHG1::GFP

Bar indicates 10 ym



[

i=]
T

=
=

41 ARF2: J. of Exp. Bot. (2010) 61, 1419-1430

Journal of Experimental Botany, Vol. 61, No. 5, pp. 1419-1430, 2010

doi:10.1093/jxb/erq010  Advance Access publication 17 February, 2010 Journal of
This paper is available online free of all access charges (see http//jxb.oxfordjournals.org/open_access.html for further details) EXpCrlmental
Botany

vww.jxb.oxfordjournals.org

RESEARCH PAPER

Auxin response factor 2 (ARF2) plays a major role
in regulating auxin-mediated leaf longevity

Pyung Ok Lim', In Chul Lee?, Junyoung Kim?, Hyo Jung Kim?2, Jong Sang Ryu?, Hye Ryun Woo?** and
Hong Gil Nam?**

" Department of Science Education, Jeju National University, 86 Jejudachakno, Jeju, 690-756, Korea

2 Division of Molecular and Life Sciences, Pohang University of Science and Technology, Hyojadong, Pohang, Kyungbuk,
790-784, Korea

S Departrent of Biology, Chungnam National University, Daejeon, 305-764, Korea

4 National Core Research Center for Systems Bio-Dynamics, Pohang University of Science and Technology, Hyojadong, Pohang,
Kyungbuk, 790-784, Korea

* To whom correspondence should be addressed: E-mail: nam@postech.ac.kr/hrwoo@cnu.ac.kr

Received 29 September 2009; Revised 27 December 2009; Accepted 13 January 2010

Abstract

Auxin regulates a variety of physiological and developmental processes in plants. Although auxin acts as
a suppressor of leaf senescence, its exact role in this respect has not been clearly defined, aside from circumstantial
evidence. It was found here that ARF2 functions in the auxin-mediated control of Arabidopsis leaf longevity, as
discovered by screening EMS mutant pools for a delayed leaf senescence phenotype. Two allelic mutations, ore14-1
and 14-2, caused a highly significant delay in all senescence parameters examined, including chlorophyll content,
the photochemical efficiency of photosystem Il, membrane ion leakage, and the expression of senescence-
associated genes. A delay of senescence symptoms was also observed under various senescence-accelerating
conditions, where detached leaves were treated with darkness, phytohormones, or oxidative stress. These results
indicate that the gene defined by these mutations might be a key regulatory genetic component controlling
functional leaf senescence. Map-based cloning of ORE14 revealed that it encodes ARF2, a member of the auxin
response factor {ARF) protein family, which modulates early auxin-induced gene expression in plants. The ore 14/arf2
mutation also conferred an increased sensitivity to exogenous auxin in hypocotyl growth inhibition, thereby
demonstrating that ARF2 is a repressor of auxin signalling. Therefore, the oret14/arf2 lesion appears to cause
reduced repression of auxin signalling with increased auxin sensitivity, leading to delayed senescence. Altogether,
our data suggest that ARF2 positively regulates leaf senescence in Arabidopsis.

Key words: Ageing, Arabidopsis, ARF2, auxin, leaf longevity, leaf senescence.

Introduction

Senescence is the process of age-dependent programmed
cell death that occurs at the cellular, tissue, organ, or
organismal level, leading to the end of a lifespan (Noodén,
1988). As with many other biological processes, plant
senescence is developmentally programmed and involves
orderly, sequential changes in cellular physiology, biochem-
istry, and gene expression (Bleecker and Patterson, 1997;
Nam, 1997; Buchanan-Wollaston et al, 2003; Lim ef al,
2007a).

Senescence is the last stage in leaf development, during
which cells undergo a major transition from carbon
assimilation and other anabolic reactions to a catabolic
pattern that results in cell dysfunction, structural disintegra-
tion and cell death (Hajouj ef al, 2000). The most visible
characteristics are colour changes, as in autumn foliage or
the yellowing of leaves in monocarpic plants. This is due to
a preferential breakdown of chlorophyll during chloroplast
degradation and the synthesis of other pigments. Other
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metabolic changes include the hydrolysis of macromolecules
such as lipids, proteins, and nucleic acids, which accumu-
lated during the growth phase, followed by remobilization
to young leaves and reproductive organs. Thus, although it
is a deteriorative cellular process, leaf senescence critically
contributes to the fitness of whole plants by ensuring their
better survival and the optimal production of offspring
(Noodén, 1988; Nam, 1997; Lim et al., 2007a).

Because of the rapid decline in photosynthetic capacity in
leaves, senescence limits crop yields and plant biomass
production. It can also cause post-harvest spoilage, such as
leaf yellowing and nutrient loss in vegetable crops. There-
fore, studying leaf senescence not only enhances our un-
derstanding of a fundamental biological process, but may
also provide information on how to control senescence and
improve the agricultural traits of crop plants. For example,
delayed leaf senescence, with a concomitant preservation of
the photosynthetic apparatus in a soybean mutant,
increases its seed yield by 44% (Guiamét ef al, 1990).
Transgenic tobacco with a delayed leaf senescence pheno-
type also exhibits a 50% improvement in both seed yield
and biomass (Gan and Amasino, 1995).

Leaf senescence, as an integral part of plant development,
occurs in the last stage of leaf development. It is thus
basically governed by developmental age. However, it is also
influenced by various internal and environmental signals
that are integrated into age information. Environmental
factors may include pathogen infection, shading by neigh-
bours, leaf detachment, drought, limited nutrients, extreme
temperatures, and oxidative stress. Internal factors may
include the formation of reproductive organs and changes in
the levels of plant growth regulators (Weaver er al, 1998;
Quirino et al, 1999, 2000; Buchanan-Wollaston ef @/, 2003;
Lim et al., 20074). Recent genomics and genetics studies in
Arabidopsis have provided many insights into molecular
events and their regulation during leaf senescence, thereby
revealing the nature of regulatory factors and a highly
complex molecular network (Woo et al, 2001; Gepstein
et al., 2003; Lin and Wu, 2004; Buchanan-Wollaston ef af.,
2005; Guo and Gan, 2006; Kim et af, 2006, 2009; van der
Graaff et al, 2006; Lim et al., 2007b; Miao et al, 2008;
Zhou et al, 2009). In particular, pathways involving the
signalling factors sugar and phytohormones, such as
cytokinin, ethylene, abscisic acid (ABA), jasmonic acid
(JA), salicylic acid, and auxin, are of key importance in
senescence (Buchanan-Wollaston ef al., 2003, 2005). How-
ever, complex interactions among these signalling pathways
during senescence have made it difficult to define the actual
role and importance of genes within each pathway (He
et al., 2001; van der Graaff ef al., 2006). Therefore, to date,
there is no clear understanding of the key controlling points
within senescence signalling networks.

To enhance our knowledge of the molecular basis for leaf
senescence, mutagenized Arabidopsis populations were
screened with ethyl methane sulphonate (EMS) for delayed
senescence mutants. This approach allowed us to identify
various important positive elements of leaf senescence. Two
allelic mutants with markedly delayed leaf senescence were
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investigated here. These were designated as oresaral4
(orel4-1 and 14-2; oresara means ‘long-living’ in Korean).
The OREI4 gene was identified by map-based cloning, and
showed that it encodes auxin response factor 2 (ARF2), one
of a family of transcription factors that bind to auxin-
responsive elements (AuxREs) in the promoters of auxin-
regulated genes (Ulmasov et al, 1997; Liscum and Reed,
2002; Guilfoyle and Hagen, 2007). Recent studies have
shown that the arf2 mutation causes a pleiotropic pheno-
type, including the increased growth of aerial organs and
seed size due to extra cell division, the inhibition of floral
bud opening, and delays in flowering, leaf senescence, floral
organ abscission, and silique ripening (Ellis et al, 2005;
Okushima et al., 2005a; Schruff er al., 2006). These results
suggest the involvement of ARF2 in regulating several
developmental processes including leaf senescence, although
the leaf senescence phenotype of the arf2 mutants was
assessed only visually or was minimally analysed with
respect to senescence symptoms or markers.

In our study, the in-depth senescence phenotype of the
orel4larf2 mutant was further analysed under various
senescence-inducing conditions using many senescence
parameters in order to unravel the physiological function
of ARF?2 in the plant leaf senescence network. Our results
showed that ORE14/ARF2 plays an important role in the
senescence process modulated by various senescence accel-
erating conditions, including leaf detachment in darkness,
oxidative stress, and phytohormone treatment (ABA, ethyl-
ene, or MI), as well as in age-dependent senescence. It is
also demonstrated that ARF2 is a repressor of auxin
signalling. Through the analysis of the orel4/arf2 mutant, it
is suggested that the repression of auxin signalling by ARF2
might positively regulate the onset and progression of leaf
senescence in Arabidopsis. Our results also illustrate that
ARF2, among ARF family genes, might be a major player
in controlling auxin-mediated leaf longevity.

Materials and methods

Plant materials and isolation of the ore14 mutant

The orel4 mmutants in the Arabidopsis thaliana ‘Col’ wild-type
background were identified by screening EMS-mutagenized M2
seeds for delayed leaf senescence, as determined by the delayed loss
of chlorophyll during the dark-induced senescence of detached
leaves (Oh ez al., 1997). Isolated mutants were backcrossed twice
with wild-type plants and used for all analyses. Plants for
physiological experiments were grown in an environmentally
controlled growth room (Korea Instrument, Seoul, Korea) with
a 16/8 h light/dark cycle at 23 °C.

Assay of age-dependent leaf senescence

Age-dependent leaf senescence was assayed as described by Woo
et al. (2001). Quantitative measurements were made of physiolog-
ical and molecular parameters: chlorophyll content, photochemical
efficiency, membrane ion leakage, and gene expression. Chloro-
phyll was extracted from individual leaves by boiling them in 95%
ethanol at 80 °C. The concentration per fresh weight of leaf tissue
was calculated as described by Lichtenthaler (1987). The photo-
chemical efficiency of Photosystem II (PSII) was deduced from
the characteristics of chlorophyll fluorescence (Oh et al, 1997)
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using a portable plant efficiency analyser (Hansatech Instruments,
Norfolk, England). The ratio of maximum variable fluorescence to
maximum fluorescence yield, which corresponds to the potential
quantum yield of the PSII photochemical reactions, represented
PSII photochemical reactions (Oh er al, 1997). Membrane ion
leakage was determined by measuring electrolytes leaked from
leaves (Woo et al, 2001). Two leaves were immersed for 3 h in
3 ml of 400 mM mannitol at 23 °C, with gentle shaking, after
which initial conductivity was recorded. Total conductivity was
determined after boiling for 10 min. Conductivity was expressed as
the percentage of initial conductivity versus total conductivity.

Assay of artificially induced leaf senescence

For dark treatments, the third and fourth leaves at 12 d after their
emergence {DAE) were detached and floated on 3 mM MES buffer
solution (pH 5.7) and incubated at 23 °C in darkness. For
hormone treatments, detached leaves were floated in the same
buffer in the presence or absence of 50 puM abscisic acid (ABA;
Sigma, USA), 100 uM methyl jasmonate (MJ; Sigma, USA), or 50
uM l-aminocyclopropane-1-carboxylic acid (ACC; Sigma, USA).
All hormone treatments were performed at 23 °C under continu-
ous light. For oxidant treatments, detached leaves were floated on
MES buffer in the presence or absence of 15 mM hydrogen
peroxide. Chlorophyll content and photochemical efficiency were
measured as described above.

RNA gel blot analyses

Total RNA was isolated from leaf tissue with Tri-Reagent
(Molecular Research Center, USA). Total cellular RNA (10 ug) was
size-fractionated by electrophoresis through a 1.2% formaldehyde-
agarose gel and transferred onto a nylon membrane. Radiolabelled
probes were prepared using a random labelling kit according to
the manufacturer’s instructions (Amersham, USA). After hybridiza-
tion, the membranes were washed as previously described (Woo
et al., 2001).

Mapping and sequencing

Homozygotes of orel4-1 in the ‘Col’ background were crossed with
wild-type ‘Ler’ plants to create a mapping population, and 1391
plants with a delayed leaf senescence phenotype were selected from
the F, progeny. Genomic DNA from each plant was utilized for
mapping the OREI4 locus relative to the loci of known Cleaved
Amplified Polymorphic Sequence (CAPS) markers. New CAPS
markers for the fine mapping of that locus were generated in the
sequence of the BAC clones MTGI10 and K22G18. The region
near the mapped OREI4 locus was PCR-amplified and cloned into
the pGEM T-easy vector (Promega, USA). Two independent PCR
products were sequenced to identify the mutated sequence.

inhibition of hypocoty! elongation in response to phytohormones

To measure hypocotyl lengths, Arabidopsis seedlings were
grown for 4 d in continuous darkness on 0.1x Murashige and
Skoog plates that contained various concentrations of NAA
(a-naphthaleneacetic acid; Sigma, USA), BA (benzyladenine;
Sigma, USA), or ACC (Sigma, USA). The length of hypocotyls
was measured from individual plants (n >15), as previously
deseribed by Cary et al. (1995).

Results

Identification of Arabidopsis mutants with delayed leaf
senescence

Arabidopsis, a representative monocarpic plant, is a fav-
oured model for molecular and genetic studies of leaf
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senescence because its leaves readily undergo easily distin-
guishable developmental stages and show a well-defined
and reproducible senescence programme (Hensel et af,
1993). Arabidopsis populations mutagenized with EMS for
delayed leaf senescence mutants were screened, which
allowed us to identify positive elements of senescence.
Initial screening was carried out by visual evaluation of the
degree of yellowing caused by chlorophyll loss when
detached leaves were incubated in the dark. This technique
is widely used for the consistent acceleration of leaf
senescence (Oh et al., 1997). One of the mutants, orel4-1,
which exhibited a delayed leaf senescence phenotype, was
selected for further study. This mutation has a pleiotropic
effect on vegetative and reproductive development, in-
cluding the increased growth of aerial organs, inhibited
floral bud opening, late flowering, and a delay in stem
senescence (Fig. 1). These traits co-segregated with the
delayed leaf senescence phenotype (data not shown).
Genetic segregation analysis of the senescence phenotype
was performed in F; and F, progeny derived from crosses
between wild-type plants and the orel4-1 mutant. All F;
plants had normal phenotypes, including senescence symp-
toms, demonstrating that the orel4-1 mutation is recessive.
In the F, generation, 99 plants exhibiting wild-type
phenotypes and 29 mutant plants were scored, indicative
of 3:1 segregation (y?=0.37, P >0.05). This showed that
the mutation is inherited as a monogenic recessive trait.

Another mutant, orel4-2, with a phenotype similar to
that of the oref4-1 mutant was also isolated. Genetic
complementation tests revealed that these two mutations
were in fact allelic (data not shown).

Fig. 1. Whole-plant phenotypes of Arabidopsis wild-type (‘Col’,
left) and ore14-1 mutant (right) plants at 35, 46, and 65 d after
germination (DAG).
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ORE14 is allelic to ARF2, which encodes an auxin
response factor

The gene responsible for the orel4-1 mutation was identified
by map-based cloning (Fig. 2A). An initial genetic mapping,
with CAPS markers, located OREI14 close to the LFY locus
on Chromosome 5. CAPS markers were also generated using
the genomic sequences of bacterial artificial chromosome
clones (Fig. 2A). Among 1391 F, progeny, one and two
recombinant chromosomes were observed for the markers
MTG10-M and K22G18-A, respectively. These mapping
data located OREI4 at approximately 0.03 ¢cM and 0.07 ¢cM
from these respective markers (Fig. 2A). The wild-type and
mutant nucleotide sequences for the region around the map
location of OREI4 were then compared. A single base
change in the orel4-1 mutant—a G to A substitution—was
identified at position 1673 from the translational start of the
gene At5g62000 (Fig. 2B), which encodes auxin response
factor 2 (ARF2). This mutation was expected to result in
a premature stop codon at position 558 (Trp—stop) in the
ARF?2 protein. The same region was then sequenced from
the orel4-2 mutant and it was found that a mutation here
led to an early termination of translation at position 115
(Arg—stop) (Fig. 2B). Although the levels of ARF2
transcript of both mutants were comparable to that of wild-
type plants (data not shown), these mutations probably
cause a complete loss of function through premature trans-

lation termination. We simultaneously investigated a T-DNA
insertion line in the A#5¢62000 gene, Salk 041472 line
(arf2-5). The arf2-5 plants also exhibited phenotypes similar
to those with the orel4 mutation, including delayed leaf
senescence (data not shown). Several arf2 alleles were
previously identified and designated as arf2-1 to arf2-9 (Ellis
et al, 2005; Schruff et al, 2006); the orel4-1 and orel4-2
alleles are arf2-10 and arf2-11, respectively.

Auxin response factor 2 (ARF2) belongs to a family of
transeription factors that bind to auxin-responsive elements
(AuxREs) in the promoters of auxin-regulated genes
(Ulmasov et al., 1997). In previous studies utilizing T-DNA
insertion lines, the ARF2 gene was suggested to play a role
in several developmental processes, such as cell division,
organ growth, flowering, senescence, and abscission (Ellis
et al, 2005; Okushima et al, 2005a; Schruff et al., 2006).
However, the effect of ARF2 on leaf senescence has not
been extensively examined. This led us to examine further
the phenotype of the orel4/arf2 mutant with several
senescence parameters under various senescence induction
conditions.

The orel14/arf2 mutant exhibits extended leaf longevity
during age-dependent senescence

The senescence symptoms of the orel4-1/arf2-10 mutant
were first examined in detail during age-dependent in

A
LFY (116.9 cM)
MNG17 (14,6 c) ot GSA(121.1 cM)
Genetic - |
1 T m|
markers
0.07cM 0.03cM
K22G18-A MTG10-M
| |
L 1 T |
(r=2/1391) (r=1/1391)
BAC K22G18
T 1
Predicted
genes
Unknown protein Auxin response factor 2 Heat shock factor
B

200 300 400

500 600 700 800 859 amino

acids

start ‘?i— ARF \ @ stop
A — \

oref4-2/arf2-11 ol
CGA(Arg) ->TGA(stop) TGG

re14-1/arf2-10
(Trp) >TAG(stop)

Fig. 2. ORE14 is auxin response factor 2 (ARF2). (A) Map-based cloning of ORE74. The number of recombination events between

CAPS markers and the ORE74 locus (1) is shown; BAC, bacterial artifi

cial chromosome; cM, centimorgan. (B) Schematic representation

of ORE14 with positions of the ore74-7 and 74-2 mutations; B3, DNA binding domain; ARF, auxin response region; AUX/IAA, domain

involved in dimerization with other ARFs or Aux/IAA.
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planta senescence. For an accurate assay, two factors were
considered. First, in our experiment, leaf senescence was
measured on a single leaf base with its age information.
Measuring senescence parameters with a mixture of
several leaves at a given plant age is not a valid analysis
for leaf senescence, since the individual leaves of a plant
have different ages. Only the third and fourth rosette
leaves of a given plant were used here. The emergence time
and growth rate of the fourth leaf was almost identical in
wild-type plants and the orel4-1/arf2-10 mutant. Second,
the senescence symptom was measured with various
parameters that cover various aspects of senescence
physiology.

Leaf yellowing is a convenient visible indicator, mainly
reflecting the chloroplast senescence of mesophyll cells.
Age-dependent leaf yellowing using the fourth rosette leaf
of mutant and wild-type plants were examined first. Wild-
type leaves started to turn yellow at the leaf age of 20 d.
Leaf age here means the age of the leaf under assay,
counting from its visible emergence. After 20 d, yellowing
gradually spread to the whole leaf. Wild-type leaves finally
showed signs of necrosis at the age of 36 d (Fig. 3A). By
contrast, orel4-I/arf2-10 mutant leaves started to turn
yellow at the age of 28 d, i.e. 8 d later than wild-type leaves.
They progressed more slowly, so that complete yellowing
was not seen in the mutant until 44 d after emergence
(DAE). Even then, however, the integrity of the mutant leaf
shape was still maintained (Fig. 3A). When the point was
determined at which the survival of the entire leaf popula-
tion per plant was 50%, it was found that the leaf longevity
of the orel4-1/arf2-10 mutant was extended by 35%, from
26 DAE to 35 DAE (Fig. 3B).

Symptoms of age-dependent senescence were then quan-
titatively investigated by measuring changes in several
parameters, such as chlorophyll content, photochemical
efficiency, membrane ion leakage, and the expression of
senescence-associated genes. Chlorophyll amounts in wild-
type leaves started to decrease rapidly after 20 DAE. By the
age of 28 d, the chlorophyll content was reduced to 27% of
that of 12 DAE leaves (mature green stage). By contrast,
losses in the oreld-1/arf2-10 mutant were slower, with 52%
of its chlorophyll remaining at 36 DAE (Fig. 3C). The
change in the photochemical efficiency (F,/F,,) of PSII was
also monitored as an index of functional leaf senescence
(Oh et al., 1997). As shown in Fig. 3D, the photochemical
efficiency of wild-type leaves declined to 38% by the age of
32 d, whereas that of orel4-1farf2-10 leaves remained
almost unchanged until the age of 32 d and declined only
to 39%, even at the age of 44 d. This showed that the
functional integrity of PSII was maintained much longer in
mutant leaves. Similar observations were made for these
two parameters with the orel4-2/arf2-11 mutant (Fig. 3C,
D). Senescence also involves the disruption of plasma
membrane integrity as the final step in cell death. This can
be conveniently quantified by monitoring ion leakage. It
was found that leaf senescence was delayed in the orel4-1/
arf2-10 mutant, as shown by slower increases in membrane
ion leakage of the leaves with aging (Fig. 3E).
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Moreover, in the orel4-I/arf2-10 mutant, a photosynthesis-
related chlorophyll a/b-binding protein gene (CA4B) and
a ribulose biphosphate carboxylase small subunit gene {RBCS)
were expressed at higher levels at the later stages, while the
induction of two senescence-associated genes, SEN4 and
SAGI2, was delayed (Fig. 3F). These results indicated that
the orel4-1/arf2-10 mutation considerably extends leaf longev-
ity and delays leaf senescence, controlling various senescence-
associated physiological and molecular symptoms. Thus, these
results suggest that ORE14/ARF2 plays an important role in
regulating the leaf senescence process.

Delays in artifictally induced senescence

Darkness is one of the most potent external stimuli that
accelerate leaf senescence. The responses were compared of
the orel4-1/arf2-10 mutant and wild-type plants during
dark-induced senescence. To minimize developmental
effects, fully grown third and fourth leaves were detached
at 12 DAE (mature green stage). Those from the wild-type
plants lost 90% of their chlorophyll after 6 d of dark
incubation. However, for the mutant, the chlorophyll
content declined much more slowly; even after 6 d, over
70% was retained (Fig. 4A, B). Measurement of the
photochemical efficiency showed that, after § d of in-
cubation, orel4-1/arf2-10 mutant leaves still maintained
over 65% of their initial PSIT activity, while wild-type leaves
completely lost this activity (Fig. 4C). A relatively slower
increase in membrane ion leakage in the orel4-liarf2-10
mutant was also observed (Fig. 4D). Consistent with these
physiological data, the induction level of SEN4, a molecular
marker for dark-induced senescence, was much lower in the
mutant during dark incubation (Fig. 4E).

It was then tested whether the orel4-I/arf2-10 mutation
affects phytohormone-induced leaf senescence. Three hor-
mones in particular—ABA, MJ, and ethylene— strongly
hasten leaf senescence (He et al, 2001; Woo et al., 2001;
Lim et al., 20075). Before examining hormone-induced leaf
senescence symptoms, the effect of light alone was evaluated
first as a control experiment. When detached leaves were
exposed to light in the presence of MES buffer alone, no
significant changes in chlorophyll content and PSII activity
in wild-type or mutant leaves were observed (Fig. 5A). To
determine whether ORE14/ARF2 is involved in the senes-
cence process induced by senescence-accelerating phytohor-
mones, the senescence symptoms of the orel4-1/arf2-10
mutant were examined after treatment with these hormones.
When detached leaves were treated with MIJ, ABA, or
ethylene, a rapid decrease in chlorophyll was observed in
wild-type leaves and, 5 d after incubation, the chlorophyll
of wild-type leaves was reduced to less than 20%.
However, orel4-1/arf2-10 mutant leaves retained more
than 80% of chlorophyll following treatment with these
hormones at 5 d after incubation (Fig. 5B-D). A similar
pattern was observed when PSII activity was measured.
These data clearly showed a delay of leaf senescence in the
orel4-1/arf2-10 mutant during plant hormone-accelerated

0102 ‘1 yostep uo Aq Bio sjeulnolplopxo gxly/:diy woiy papeojumoq



1424 | Lim et al.

A 12 16 20 24 28 32 36 40 44 (DAE)
RSP O SO e
ore14-1 é , ’ G ’ ’ , , ’
B (o]
g z?
¢ =
3 £
E g
: g
12 16 20 24 28 32 38 40 W«
DAE

E

= ~o= Col
_— t -0 ore14-1
£ ¢
€ ,|[=e H
uw 0= oret4-1 5

— oref4.2

12 16 20 24 28 32
DAE

F

% 40 44

Col

12 16 20 24 28 3

DAE

3% 40 43

ore14-1

cAB | A | ...! "

[ T T

LT |

&

16 20 24 28 32 38 DAE

RECS | ggm ™
SeEns | st e
saG12 | e
1% 20 24 28
- -
Total 1 4
RNA

Fig. 3. Extended leaf longevity in ore74/arf? mutants. (A) Age-dependent senescence phenotype of the third and fourth rosette leaves of
wild-type (‘Col') and ore14-1/arf2-10 mutant plants at different ages. The photographs show representative leaves at each time point. (B)
Survival curve. Values indicate the percentage of leaves alive on a given day after emergence (DAE). n=100. (C-E) Chlorophyll content
(C), photochemical efficiency (F./F.,) of PSII (D), and membrane ion leakage (F) were measured from the third and fourth leaves starting at
12 DAE, when leaves had just reached full growth. Error bars indicate standard deviation (SD, n=30). (F) Age-dependent changes in
gene expression. Total cellular RNAs isolated at the indicated ages were probed with CAB, RBCS, SEN4, and SAGT2.

senescence. These results imply that OREI14/ARF2 might
be a regulator in controlling the senescence process
modulated by these hormones, as well as in age-dependent
and dark-induced senescence.

Resistance of the ore14-1/arf2-10 mutant to oxidative
stress

Reactive oxygen species play a critical role in mediating
oxidative damage and accelerating senescence in a variety of
organisms (Reilly er al, 2004). Potential life spans are
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positively correlated with plant tolerance to oxidative stress.
The oxidative stress tolerance of the orel4-1/arf2-10 mutant
was therefore assessed. For this experiment, the procedure
that was used for assaying phytohormone-induced senes-
cence symptoms was adapted and hydrogen peroxide was
used as an oxidant. Under such exposure, both chlorophyll
content and PSII activity declined rapidly in the wild type.
By contrast, the orel4-1/ar/2-10 mutant retained over 80%
of its chlorophyll and 95% of the original PSII activity, even
at 5 d after treatment (Fig. 6A, B). Thus, the orel4-1farf2-
10 mutation conferred greater resistance to oxidative stress,
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Fig. 4. Delayed leaf senescence of ore?4/arf2 mutants during dark-induced senescence. (A) Phenotypes of wild-type and ore?4 mutant
leaves. The third and fourth rosette leaves were detached at the age of 12 d and incubated in darkness; DAT, days after treatment. (B-D)
Chlorophyll content (B), photochemical efficiency (F./F.,) of PSII (C), and membrane ion leakage (D) were examined every 2 d after dark
treatment. Error bars indicate SD (n=24). (E) Expression of SEN4. Total cellular RNAs were isolated from wild-type and ore?4-1/arf2-10

mutant leaves at the days indicated.

one of the major determinants of senescence. These results
further indicate that ORE14/ARF2 might be a central
regulator of leaf senescence. The data also support our
previous finding that oxidative stress tolerance is linked to
the control of leaf longevity (Woo er al., 2004).

ARF2 is a repressor of auxin signafling

The ARF family of transcription factors regulates many
responses to auxin. These proteins bind to auxin response
elements in the promoters of auxin-regulated genes and
activate or repress transcription (Ulmasov et al, 1997).
Most ARFs have three domains: an N-terminal DNA-
binding domain, a C-terminal dimerization domain, and
a middle region (MR) that activates or represses transcrip-
tion (Ulmasov ef al., 1999). ARFs containing glutamine-rich
MRs, for example, ARF5 and ARF19, function as activa-
tors of auxin-responsive gene expression in vive (Nagpal
et al, 2005; Okushima et al., 20056; Wilmoth et al, 2005)
and in transiently transfected protoplasts (Ulmasov et al.,
1999). By contrast, ARFs containing proline- and/or serine-
rich MRs, such as ARF1 and ARF2, have been suggested to

- 133 -

repress auxin-responsive gene expression in protoplast
transient assays (Tiwari et al., 2003, 2004).

To test whether ARF2 represses auxin signalling in vivo,
the growth responses of orei4-1farf2-10 hypocotyls to
exogenous phytohormones was examined. In wild-type
seedlings, exogenous NAA (a synthetic auxin) inhibits
hypocotyl growth. This response was enhanced in the
orel4-1/arf2-10 mutant (Fig. 7A). The hypocotyl growth
inhibition responses of the orel4-llarf2-10 mutant to
cytokinin and ethylene was also examined. Exogenous
applications of BA (a synthetic cytokinin) or ACC (an
immediate biosynthetic precursor of ethylene) inhibited
wild-type hypocotyl growth. However, in contrast to the
case with NAA, orel4-1/arf2-10 hypocotyls showed a nearly
normal inhibition response to BA or ACC (Fig. 7B, C),
although they were slightly more sensitive at >1 uM ACC.
These results indicate that the orel4-1/arf2-10 mutation
does not cause defects in the known signal transduction
pathways that underlie the perception and response to
ethylene or cytokinin. They also suggest that orel4-1/arf2-
10 preferentially alters the auxin response, at least with
regard to hypocotyl growth. Together, these data demon-
strate that ARF2 is a true repressor of auxin signalling,
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supporting previous results from protoplast transient assays
(Tiwari et al., 2003).

Discussion

ORE14/ARF2 affects a broad spectrum of leaf
senescence symptoms

In a screen for Arabidopsis mutants exhibiting delayed leaf
senescence, two orel4 mutations were identified, each of
which contains a lesion in ARF2. These mutations also
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confer pleiotropic developmental phenotypes, including
delays in flowering and floral organ abscission, and in-
hibition of floral bud opening in early-formed flowers.
These phenotypes have also been reported for other arf2
mutant alleles (Ellis er al., 2005; Okushima et al., 2005a).
The arf2/mntl mutation can also cause the increased growth
of aerial organs and more cell divisions (Schruff er al.,
2006). The pleiotropic effects of arf2/mntllorel4 mutations
may hamper assaying the effect of the gene on senescence.
In particular, when minimally analysed with respect to
senescence symptoms or markers, for example, the use of
a single senescence symptom such as yellowing or loss of
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chlorophyll, interpretation may be misleading. In order to
show that the 4 RF2 mutation delays functional senescence,
the orel4 mutations were analysed in detail by examining
several anabolic and catabolic parameters. The fact that
these mutations influenced all the parameters indicated that
the affected plants are functional ‘stay-green’ mutants, and
that they are not just delayed in their loss of chlorophyll.
This implies that ORE14/ARF2 might be a key regulatory
factor involved in leaf senescence rather than just one of the
components that executes the process (Smart, 1994; Oh
et al., 1997). It was also found that ORE14/ARF2 is
required for the proper progression of leaf senescence
induced by darkness, phytohormones, and oxidative stress,
as well as by age. These results suggest that ORE14/ARF2
functions in a step common to all these processes. The data
also support the idea that these senescence-inducing factors,
developmental age, dark, hormones, and oxidative stress, all
share a common senescence pathway.

The apparently pleiotropic effects of the arf2 mutation,
such as reduced sterility or late flowering, may be associated
with delayed leaf senescence, but are unlikely to be its cause.
This is because, unlike many other monocarpic species,
senescence of individual Arabidopsis leaves is not closely
linked with the development of reproductive structures
(Hensel et al., 1993; Lim et al., 2007a). Both ethylene and
cytokinin have a major effect on leaf senescence. Ethylene-
insensitive plants, such as err/ and ein2 mutants, have
a delayed leaf senescence phenotype (Grbic and Bleecker,
1995). Simularly, orel2-1, a gain-of-function mutation in
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AHK3 (a cytokinin receptor), confers extended leaf longev-
ity (Kim ez al., 2006). To determine whether our orel4/arf2
phenotype is independent of the ethylene and cytokinin
signal transduction pathways, hypocotyl elongation was
monitored in response to these hormones. No significant
differences were found between mutant and wild-type
hypocotyls (Fig. 7), although the mutant exhibited a slightly
enhanced sensitivity at high ACC concentrations (1-10
uM). This enhanced sensitivity might be due to an indirect
effect of altered auxin signalling. Nevertheless, it is inferred
that the delayed leaf senescence phenotype of orel4/arf2
plants is not due to alterations in cytokinin or ethylene
sensitivity. A similar report was made by Ellis et al. (2005),
who based their findings on the fact that the ein2 and arf2
mutations act additively in delaying leaf senescence symp-
toms, and that the relative deferment in chlorophyll loss
caused by exogenous cytokinin is similar in both wild-type
and arf2 plants. It was also observed that the responses of
the orel4larf2 seedlings to ABA and MJ were similar to
those of wild-type seedlings (data not shown). These results,
in turn, indicate that the delayed senescence symptoms of
the orel4/arf2 mutant during phytohormones-induced se-
nescence are not due to defects in the perception of these
hormones.

Since leaf senescence is intimately related to previous de-
velopmental stages, such as initiation, growth, and matura-
tion, it is possible that genes controlling all these processes,
including cell division, could affect age-dependent senes-
cence. This has been demonstrated in leaves from the bopl-1
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mutant, which has enhanced meristematic activity (Ha
et al, 2003). Likewise, organs in arf2/mntliorel4 mutants,
including the leaves, are larger than those of wild-type
plants, due to extra cell divisions and expansion (Schruff
et al., 2006). Thus, it is possible that extended leaf longevity
in orel4 mutants might be related to increased cell division
activity. However, because the delayed senescence pheno-
type of oreldfarf2 was also observed under artificially
induced senescence conditions, we believe that this possibil-
ity is very low.

Role of ARF2 in auxin signalfing

ARFs with a glutamine-rich MR might function as
activators of auxin-responsive gene expression in transiently
transfected protoplasts, while ARFs with proline- and/or
serine-rich MRs, such as ARF1 or ARF2, repress the
transcription of reporter genes under the control of
synthetic AuxREs (Tiwari et al, 2003). However, when
compared with the global gene expression profiling of
liquid-cultured arf2 seedlings or the inhibition of root
growth by exogenous auxin, no significant effect of the
mutation was observed (Okushima et al., 2005a). The fact
that the arf2 mutation does not affect auxin-induced
or -repressed genes indicates that ARF2 does not partici-
pate in auxin signalling in a particular developmental stage
or organ. However, in contrast to earlier reports, it was
observed that the orel4/arf2 mutant exhibited enhanced
sensitivity to auxin, as assessed by the inhibition of
hypocotyl growth. This implies that ARF2 functions as
a transcription repressor of auxin-responsive gene expres-
sion, as previously proposed by Tiwari ef al (2003). The
results seen here along with other data also suggest that
ARF2-mediated auxin signalling is temporally and spatially
regulated.

Other studies have shown that ARF2 links brassinoste-
roid (BR) and auxin biosynthetic pathways (Vert et al,
2008). Thus, the effect of the orel4/arf2 mutation on auxin
responses might be due to an altered BR response.
However, in the study of Vert ef al. (2008) no difference in
response to exogenous BR was detected between the wild
type and the mutant, indicating that the orel4/arf2 muta-
tion does not cause defects in BR perception and response.
Conceivably, an increased sensitivity to auxin conferred by
the arf2 mutation might not be due to an altered BR
response.

ARFZ2 (s a major player in the auxin-mediated control of
leaf longevity

The role of auxin in leaf senescence has been elusive,
particularly due to its involvement in various aspects of
plant development. However, evidence that auxin has a role
in suppressing leaf senescence has accumulated. Shoji ez al.
(1951) reported that auxin levels decline with leaf age.
The exogenous application of auxin to leaves represses
transcription of some senescence-associated genes (Noh
and Amasino, 1999). Together, these results imply that
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decreased auxin levels along with leaf age might induce the
initiation and/or progression of leaf senescence, indicating
that auxin is a negatively acting factor of leaf senescence.
Genetic mutations that alter auxin signalling also support
the involvement of auxin in controlling leaf senescence (Ellis
et al., 2005).

What is the major player in the auxin-mediated control of
leaf senescence? ARFs regulate auxin-mediated transcrip-
tional activation and repression, and each ARF protein is
thought to play a central role in various auxin-mediated
developmental processes. A few lines of our data, together
with previous results, indicate that ARF2 might be a major
player in the auxin-mediated control of leaf senescence.
First, ARF2 affects many aspects of senescence, whether
induced by age, darkness, hormones, or oxidative stress.
Second, phenotypic analyses of T-DNA insertion lines for
ARF family genes have revealed that ARF2 plays a major
role in controlling leaf senescence and that ARF1 acts only
in a partially redundant manner (Ellis et af, 2005). Third,
microarray analysis has shown that 4RF2 transcripts
increase in senescing leaves when induced by developmental
ageing or darkness (Buchanan-Wollaston ef al., 2005; Ellis
et al., 2005). The ARF7 and ARFI9 genes are also induced
in senescing leaves (Lin and Wu, 2004). However, mutations
in these genes do not alter the leaf senescence phenotype,
although they enhance the delay in senescence conferred by
the arf2 mutation (Ellis et al., 2005).

How then is leaf senescence delayed in the arf2/mmntl/
orel4 mutant? With the theory that auxin functions as
a suppressor of leaf senescence and that ARF?2 is a repressor
of auxin signalling, it is conceivable that the reduced
functioning of ARF2 in the mutant can cause less re-
pression of auxin signalling with increased auxin sensitivity,
leading to delayed senescence. Our data, as well as previous
results, suggest that auxin has a role in suppressing leaf
senescence, but suppression is decreased with leaf ageing,
possibly through the increased activity of ARF2. Further
studies on the identification of ARF2 downstream target
genes or interacting proteins will help to dissect the
senescence pathways involved in the ARF2-mediated con-
trol of leaf longevity.
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‘We have developed a genetically engineered herbicide-tolerant Zoysia grass with potential commercial value.
However, the possible flow of genes to wild-type or neighboring plant species raises ecological and com-
mercial concerns, although herbicide-tolerant GM Zoysia grass does not appear to pose a significant risk. One
efficient way to prevent transgene escape in GM plants is to control fertility. Thus, we attempted to generate
GM Zoysia mutants with defects in the development of reproductive organs, but that can be vegetatively
propagated. To induce mutation, a range of y-rays from 10 to 50 Gy, initially determined to be the optimal
dose for inducing mutation, was used to irradiate GM Zoysia during the pollination stage. Notably, nine (4%)
lines displayed defects in the floral transition from the vegetative to reproductive phase, while all non-
irradiated GM Zoysia grasses developed normally. Under greenhouse conditions (natural light and temperature),
these GM Zoysia lines have been vegetatively propagated for four years without forming reproductive struc-
tures. This technology could also be applied in other GM plants being cultivated through vegetative propa-

gation, such as creeping bent grass.

Key Words: herbicide-tolerant, transgene escape, Zoysia japonica, gamma rays.

Introduction

Transgenic technology has produced many crops with high-
ly improved genetic traits. However, the potential economic
benefits of transgenic technology have not yet been fully re-
alized because of concerns over the possibility of transgene
escape through the dispersal of viable pollens and/or dissem-
ination of seeds to wild-type or neighboring plant species
that cause the unintended ecological consequences of poten-
tial transgene introgression (Reichman et al. 2006). This is
especially important when the genetically modified (GM)
plants are perennials, wind-pollinated, and highly outcross-
ing transgenic crops (Watrud ef al. 2004). Thus, the develop-
ment of technologies that mitigate or eliminate any potential
risks of transgene escape in these GM plants might be criti-
cal for field release. Several lines of evidence have shown
that genetically engineered male sterility can be used to ef-
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fectively control pollen-mediated transgene flow (Khan
2003, Ruiz and Daniell 2005). However, this technology re-
quires patrilineal plants for successful pollination, as well as
the introduction of other transgenes (e.g., barnase) for con-
ferring male sterility (Ho ef al. 2001).

As a perennial monocot species, Zoysia japonica is one
of the most popularly cultivated grasses and commercially
important species. Recently, we evaluated the environmen-
tal risks of the herbicide-tolerant GM Zoysia grass with an
introduced a bar gene, that codes for phosphinothricin N-
acetyltransferase (PAT), for the approval of its commercial
release. Based on our experimental data, the GM Zoysia
grass was found to be environmentally and ecologically safe.
However, concerns of transgene escape still remain (T.-W.
Bae and H.-Y. Lee, unpublished). As shown in genetically
engineered male-sterile transgenic plants, preventing repro-
duction appears to be an effective means to control trans-
gene escape, especially in Zoysia grass, since this species
can also be vegetatively propagated through the spreading of
grass over the soil surface without reproduction. Thus, we
attempted to generate GM Zoysia mutants with defects in re-
production.
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lonizing radiation mutagenesis has been effectively used
to produce genetic variability for breeding research and ge-
netic studies (Bae ef af. 2000, Naito ef al. 2005, Wu ef al.
2005, Yang ef al. 2004). By adopting this technology, we
have successfully produced lines of GM Zoysia grass with
defects in the transition from the vegetative phase to the
reproductive phase, thus allowing only vegetative propaga-
tion. We monitored the phenotype for four years, and found
that no reproductive organs were produced in the GM Zoysia
lines.

Materials and Methods

Gamma y-irradiation of GM Zoysia grass

Herbicide-tolerant GM Zoysia grass (Zoysia japonica),
described in Toyama ef al. (2003), was used as plant materi-
al for gamma-ray (*Co) mutagenesis. y-irradiation experi-
ments were cartied out by exposing flowers at the pollina-
tion stage to 0, 10, 25, 50, 75, and 100 Gy of y-rays from a
%9Co source. To synchronize the pollination stage of the GM
Zoysia, plants with flowers where anthers were over 70%
grown were used for irradiation. Following irradiation,
plants were transferred to a Cheju National University-
approved confined greenhouse (natural light and temperature)
along with non-irradiated GM Zoysia plants. The steriliza-
tion and pretreatment for germination of M, seeds were con-
ducted as described previously (Bae ef al. 2008).

Identification of sterile GM Zoysia lines

The M, plants were visually screened for mutants with
defects in reproduction. The candidate mutants were vegeta-
tively propagated in the confined greenhouse, and their phe-
notypes were monitored for 4 years. Each individual sterile
line was periodically sprayed with basta solution to check
the maintenance of hetbicide-tolerant trait. The growth and
morphological characteristics (stems, leaves, etc.) of the GM
Zoysia lines were also compared with those of the non-
irradiated GM Zoysia plants under greenhouse conditions
according to previously described methods (Bae ef al. 2008).

Results and Discussion

The effects of gamma vay irradiation in seed germination
The survival of M; seeds derived from flowers that had
been irradiated with a range of doses of y-ray (0, 10, 25, 50,
75, and 100 Gy) was investigated to establish the optimal
doses for irradiation. We determined the survival rate by
scoring the relative percentage of seed germination at each
dose to that of non-irradiated GM Zoysia seeds. The survival
rate of M; seeds was decreased with increasing doses of itra-
diation. For a dose of 10 to 25 Gy, the relative percentage of
seed germination was 68% on average (data not shown).
‘When irradiated with 50 to 75-100 Gy, it was decreased to
averages of 40.5% and 25%, respectively (data not shown).
From the survival curves, based on the relative germination
rate of M; seeds, the lethal dose for 50% of specimens
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(LDjsg) was estimated to be slightly higher than 40 Gy of v-
ray. Thus, the second cycle of mutagenesis for generating
mutants was conducted with a range of doses, from 10 to 50
Gy, including a dose at the LDs,. The germination of M,
seeds obtained from the second round of mutagenesis was
also investigated. While 74% of the non-irradiated GM
Zoysia seeds germinated, 56% (84/150), 41% (61/150), 47%
(94/200), 31% (93/300), and 22% (66/300) germination
were observed at doses of 10, 20, 30, 40, and 50 Gy, respec-
tively (Table 1). The overall survival rates of M; seeds at
different doses were similar to those in the first round of
mutagenesis.

Seedlings were then transferred to soil, but only 56% of
them survived in the soil conditions. We compared the sur-
vival rates at different doses, and found that they also de-
creased with increasing doses of irradiation. The proportion
of plant survival fell from 28% at doses of 10-30 Gy, to 6%
at a dose of 50Gy (Table 1), while in the non-irradiated GM
Zoysia, T0% of plants survived. Through this analysis, 3040
Gy of %Co was revealed to be the most effective dose of y-
ray irradiation in the pollination stage of Zoysia grass, since
the LDs, of germination and > 50% survival of germinated
seeds were found to be in this range.

Identification of GM Zaysia lines with defects in reproduction

‘We analyzed the 223 M; GM Zoysia lines for morpholog-
ical variation, especially defects in reproductive organs. For
the second year, a large portion of M,; (53.8%) and control
(20%) plants did not produce flowers under our greenhouse
conditions. However, in the forth year, all non-itradiated
GM Zoysia plants produced normal flowers, whereas 4%
(9/223) of M, plants still did not produce inflorescence stems
(unbolting lines). The frequencies of the unbolting pheno-
type at 10, 20, 30, 40, and 50 Gy wetre observed to be 0.7%
(1/150), 0.7% (1/150), 1% (2/200), 1% (3/300), and 0.7%
(2/300), respectively (Table 1), showing higher frequency of
the unbolting phenotype at 3040 Gy. This supports the pre-
vious finding that 30—40 Gy is the most effective dose for y-
ray mutagenesis in Zoysia grass.

The leaf node number is an important marker of the floral
fransition from the vegetative phase to the reproductive
phase. Generally, Zoysia flowers at the developmental stage
have a leaf node number of 12. In nine unbolting lines, an
average of 15.4 leaf nodes were observed, whereas in non-

Table 1. Effects of various doses of gamma-rays in M, GM Zoysia lines

No. of NO,' of No. of survived N,D' of
Dose (Gy) seods germinated plants (%) unbolting plants

seeds (%o) (%)
0 100 74 (74 70(70) 0(0)

10 150 84 (56) 42(28) 1(0.7)

20 150 61 (41) 42(28) 1(0.7)
30 200 94 (47) 56(28) 2(
40 300 93 (31) 64 (21) 3(

50 300 66 (22) 19 (6) 2(0.7)




Controlling transgene escape in GM Zoysia japonica 105

irradiated GM Zoysia plants, 12 leaf nodes were shown
(Fig.1). These unbolting phenotypes of the selected lines
have been stably maintained for five years without forming
any floral organs. We also compared the growth and mor-
phology of the non-irradiated GM Zoysia plants with those
of the unbolting lines. The morphological comparison in-
cluded the plant height, the length of the blade, and the width
and angle of plant leaves. No significant differences were
observed between non-irradiated GM Zoysia plants and the
selected lines. From these observations, it was concluded
that these unbolting phenotypes might result from defects in
floral transition, but are not caused by growth retardation.
However, it is still unclear whether the unbolting phenotype
of the nine lines is not a late flowering trait. Thus,further ob-
servation of flowering phenotype is needed to elucidate the
nature of each unbolting trait.

Other morphological traits

Other morphological variations (22 lines), including
dwarfism, pigmentation, and lesions in apical dominance
were also observed in the M; mutant pool. Among these
morphological variations, there was a distinct predominance
of the dwarf phenotype (4.9%), with relatively low frequen-
cies of other phenotypes, such as leaf color (1.8%), in-
creased culm number (2.2%), or high-density tillers (0.9%).

Conclusion
In this study, we showed that gamma-ray irradiation-

Fig.1. Phenotypes of unbolting GM Zoysia line. (A, B) Visual mor-
phology of a non-irradiated GM Zoysia plant (A) and an unbolting GM
Zoysia line (B). (C, D) Leaf node of a non-irradiated GM Zoysia plant
(C) and an unbolting GM Zoysia line (D).
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induced mutagenesis is highly effective in generating muta-
tions in Zoysia grass. Using this technology, we identified
nine lines with unbolting traits, which can be utilized in con-
trolling transgene escape of GM Zoysia grass. Some of the
morphological mutant lines, along with the M, mutant pool,
would be useful genetic resources in the breeding or molec-
ular/genetic study of Zoysia grass.
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