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Functional analysis of useful genes for

stress—tolerant rice
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SUMMARY

I. Title

Functional analysis of useful genes for stress—tolerant rice

II. Importance and objectives of the research

The mitogen—activated protein kinase (MAPK) cascade is a major
and evolutionally conserved signaling pathway by which extracellular stimuli
are transduced into intracellular responses in eukaryotic cells (Widmann et al.,
1999). NtMEK2, a tobacco (Nicotiana tabacum) MAPKK, is known to activate
both salicylic acid—induced protein kinase (SIPK) and wound—induced protein
kinase (WIPK). Ectopic expression of NtMEK2"™ a constitutively active
mutant of NtMEK2, was found to induce HR-like <cell death and
defense—related gene expression, as well as to promote the generation of H»0-
in chloroplasts in tobacco (Yang et al., 2001 Liu et al., 2007). Extensive
studies have been conducted to evaluate the functional understandings of
many MAPK genes and their upstream kinases in dicotyledonous plants such
as Arabidopsis, alfafa, tobacco, tomato and parsely (Jonak et al., 2002; Mishra
et al., 2006). To date, a total of 17 MAPK genes have been identified, and
several of these have been characterized in rice (Agrawal et al., 2003 Rohila
and Yang, 2007). However, little is known about the interactions between
components of MAPK and upstream MAPK kinase in rice. Therefore, a more
detailed study is necessary to identify upstream Kkinases and downstream
target proteins to better understand the MAPK—mediated pathways in rice.

To understand the MAPK cascade associated with disease resistance in
rice, we transformed rice plants with the tobacco NtMEK 2" or NtMEKZKR,
which encodes the constitutively active mutant or the inactive mutant of
NtMEK2, respectively, under the control of a steroid inducible promoter. In
NtMEK 2°P transgenic rice, activation of the endogenous 48—kDa MBP kinase
leads to HR—1like cell death,which is preceded by the generation of hydrogen



peroxide. Furthermore, expression of the NtMEK2"® gene in transgenic rice
plants induced the expression of several downstream MAPKs and
defense—related genes. Taken together, these results suggest that NtMEK?2 is
functionally interchangeable with a rice MAPKK and also a useful tool for
evaluating the MAPK pathway involved in signaling pathways that lead to
defense responses in rice.

As our largest single primary food source, the cereal endosperm is
among the most economically important structures in biology. The product of
double fertilization, it is also among the most novel. The unique value of the
endosperm of cereal grains as a food source can be traced directly to the
subsequent evolution of the major grain—filling pathways, namely starch and
storage protein biosynthesis, within this novel structure. The endosperm
displays the basic themes of organ formation in plants, but with a simpler
structure than other major organs. Hence, the central issues in endosperm
development are directly relevant to other plant organs. Key issues includes
regulation of the cell cycle, partitioning of growth between cell division and
cell expansion, regulation of cell expansion and terminal differentiation,
cell—to—cell signalling, and determination of cell fate. The high growth rate
and grain filling processes place extraordinary demands on cellular metabolism
and metabolic regulation making the endosperm an excellent model for
biochemical genetics. However the basis of the biological and biochemical
significance in endosperm is not well understood. The endosperm study will
be discovered a number of crop genes that are a key determinant for

environment stress tolerance and crop productivity.

III. Research content and scope

1. Functional analysis of pathogen—responsive MAPK cascade in rice

The mitogen—activated protein kinase (MAPK) cascade is a major
and evolutionally conserved signaling pathway by which extracellular stimuli
are transduced into intracellular responses in eukaryotic cells. MAPK cascades
are composed of three protein kinase modules. MAPK, the last kinase in the

three—kinase cascade, 1s activated by dual phosphorylation of Thr and Tyr



residues in a TXY motif by MAPK kinase (MAPKK). MAPKK, in turn, is
activated by MAPKK kinase (MAPKKK). Extensive studies have been
conducted to evaluate the functional understandings of many MAPK genes
and their upstream kinases in dicotyledonous plants such as Arabidopsis,
alfafa, tobacco, tomato and parsely. So far, a total of 17 MAPK genes have
been identified, and several of these have been characterized in rice. However,
little is known about the interactions between components of MAPK and
upstream MAPK kinase in rice. The OsBWMK1 and OsBIMK1 were
pathogen—responsive MAPK genes in rice but no study in MAPK cascade
with those genes so far. OsBWMK1 has been induced by infection and
wounding of blast pathogen (Magnaporthe grisea), while OsBIMK1 were
induced by BTH, chemical inducer of systemic resistance. In this study,
upstream MAPK kinase genes related to phosphorylation of OsBWMK1 and
OsBIMK1 were isolated and cloned. Expressed MAPK kinase protein was
purified to detect im witro protein phosphorylation and its relationship with the
disease resistance of rice. In addition, OsMEK3 transgenic rice plants will be
a useful tool for the identification of downstream substrates utilized by rice

MAPK, which will help understand disease resistance in rice.

2. Expression of an active tobacco mitogen—activated protein kinase kinase is

involved in multiple defense responses in transgenic rice plants

It is known that NtMEKZ2, a tobacco MAPK kinase, is the upstream
kinase of both salicylic acid—induced protein kinase and wounding—induced
protein kinase. Expression of NtMEKZDD, a constitutively active mutant of
NtMEK?2, induced multiple defense responses in tobacco. To determine if a
similar MAPK cascade was involved in disease resistance in rice, transgenic
rice plants that contained an active or inactive mutant of NtMEK2 under the
control of a steroid inducible promoter were generated. The expression of
NtMEK2P" in transgenic rice plants resulted in HR—like cell death, which was
preceded by the activation of endogenous 48—kDa MBP kinase. That MAPK
is also activated by Xanthomonas oryzae pv. oryzae (Xoo), the bacterial
blight pathogen of rice. In addition, prolonged activation of the MAPK
induced the generation of hydrogen peroxide and up—regulated the expression

of subset of MAPKs and defense—related genes including the



pathogenesis—related genes, peroxidase and glutathione S—transferase. These
results demonstrate that NtMEKZ2 is functionally interchangeable with rice
MAPK kinase in inducing the activation of the downstream MAPK, which in

turn induces multiple defense responses in rice.

3. Mitogen—activated protein kinase cascade in signaling polyamine

biosynthesis in plants

Expression of NtMEK2DD, a constitutively active mutant of NtMEK2,
activates endogenous SIPK and WIPK and leads to several stress/defense
responses in tobacco. In this study, we used ACP (annealing control
primer)based differential display RT—PCR to isolate the downstream effectors
mediated by the NtMEK2—-SIPK/WIPK cascade. Arginine decarboxylase gene
(ADC), which is involved in plant polyamine biosynthesis, was one of 10
differentially expressed genes. When compared with NtMEK 258 plants,
NtMEK 2°P transgenic plants exhibited a significant increase in ADC, ODC
and MPO1 transcript levels, as well as in theputrescine and spermine content
following SIPK/WIPK activation. Taken together, these results suggest that
the NtMEK2—-SIPK/WIPK cascade regulates polyamine synthesis, especially
putresine synthesis, through transcriptional regulation of the biosynthetic

genes in plants.
4. Isolation of the SAT79 gene by yeast screening

It has been suggested that a single salt tolerance mechanism is
common to all eukaryotes. We therefore screened a maize kernel cDNA
library for salt tolerance by functionally overexpressing it in yeast . The
cDNA library was generated from maize kernels 15 — 25 days after
pollination using the phagemid vector pAD—GAL4—2.1 (Stratagene, LalJolla,
CA, USA). After transformation with the maize cDNA library, yeast cells
were selected for their ability to tolerate salt stress. We isolated SAT79
salt—tolerance (SAT) clone, which, based on previous publications, included
not only nutrient stress responsive gene but also factor involved in UV

stress.



5. Salt tolerance in Arabidopsis overexpressing AtSAT79

To compare salt tolerance in Arabidopsis and
AtSAT79—overexpressing yeast cells, we constructed AtSAT79—overexpressing
transgenic Arabidopsis lines. Using Kanamycin—resistance segregation and
Northern analysis, we selected plants homozygous for AtSAT79. The
AtSAT79—overexpressing line seeds were exposed to 100 mM NaCl and
primary root length was measured after 7 d. Seeds expressing AtSAT79
showed a higher salt tolerance than wild—type (Col—0) seeds. These data
suggest that AtSAT79 seems to confer very effective salt tolerance in plant
cells. To determine AtSAT79 protein localization, a CaMV35S promoter—driven
fusion gene (35S—AtSAT79—GFP) of the AtSAT79 ¢DNA and GFP was
constitutively expressed in Arabidopsis. In the root cells of the transgenic
seedlings, the GFP signal appeared as diffused structure that might be
cytosol. To understand the salt tolerance molecular mechanism of AtSAT79 in
plants, we compared RNA expression of stress response genes during salt
stress. We found that ERD15 expression was not significantly different.
Transcripts of RD29A, RD22 and RD29B, however, accumulated more in

AtSAT79—overexpressing lines than in wild—type in response to salt stress.

6. Production of transgenic rice with agronomically useful genes

It has been known that rice tissue culture is very difficult because of
low regeneration rate, long cultivation period, complicated cultivation method.
Therefore, we try to find out to selection method of the best callus with high
density and well—dried, in order to establish effective rice transformation

system with good repeatability.

7. Evaluation of disease resistance and salinity tolerance in transgenic rice

High rice yield is required to develop novel crop, resistant to various
environmental stresses. Although crop carrying stress—resistant gene 1is
produced, its function is effective at green house but not in field with hard
environmental condition. Thus, transformed rice carrying disease or salt

resistant gene was studied its function in both green house and field with the



raising seedling and confirmed whether it could be the practical molecular

breeding resource or not.
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HEA S LAY D 1% R Al 220] D 4 glov, ol ol
el 4% BAFESY ST waelw s)eld 57 glowle Azga.

A 23 7T HeY
1. Holl A HYtol] ¥ke-3alE= MAPK A AGEA AL WHA 7554

A Qs Elibst= A EAEA BEE Aol Qo] AE dEA
Al =83 dAsS stk 71 5 MAPK(mitogen—activated protein kinase)+
GA, ABA, ethylene, osmotic stress, wounding, auxin, pathogen, SA, 12|l A
Zo s 2dste 84 Soll gi oE AsE AE yWHE dgs] T
gaS 3t MAPKE MAPKKoﬂ 9&)] TXY motife]l ¢4 threonine®} tyrosine
Fel mAe AAE I Bo = A3 Hrh. Arabidopsis & w@uie; e A
A8 A EolA s g A5 g ofg] MAPKSo] #2l&o] 5431 HAT
a8y AR R Fagk wHeqe o digh A5 7F mlEste] @A 2 i
MAPK7} &8sl om 1 Ae]grA el 7ol tigh Jr w3k v 53k ol
oA WA #eEno] HEegl®l MAPKO|: blast pathogen (Magnaporthe
grisea) A3 Ao 9 FEEH+= OsBWMK19F AAATTAS FE=3t= 3}
g =<l BTHOl 93l fFE%+ OsBIMKL S°] l&=d 159 MAPK
cascade] W dA3E AF Hx FEez dul. A B AFoqiE wHA
OsBWMKI14 OsBIMK1E 747} Q14Fst Al AF+= upstream MAPK kinases
3 & Az A S =4 AA S jn vitro protein phosphorylation 2
T3 WAL #ost= Hel MAPK cascadeE 24 o= utgu), gk g
o] NtMEK2"P¢} NtMEK2® §Hd22 wio] g2dd% AA A4 2 (H3u)) 3
GG A = (W)l A o] MAPK cascade’t EEH o] low Ho|x%: WAy
# MAPK pathway”} #4bst29] AopAsbel] #edslo] glom HFA o= i
7 HbES Bt AMES WY S v OsMAPKKE #@ste] WiwAd
@ MAPK pathway?] 7]l thsj oﬂ? T 2 Aol o)
PAASA = A5el WARE dd MAPKS 7| dolvp HAF =41a B
a}-9] ] Bﬂ?ﬂﬂ’“"ﬂ #HE oy FHAAES AL = e F2 A5 E F
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Ald e a75F

A AR FHFE 7]ES S8 GMO &9 F2k Al
2000 429150007 Geo] MER O, 20100l = 2509 Do @3
=¥ Qi) ol A& A HE(80%)°] AEFe AER hAE A
Abstar ik, olell Hlal] =d] Ak FAF A A oF 1,500 (191E)
2 AA A 0.5% AEoltk. AlA FAUE oy 20109 =u] e

o>~1

)t

po
o
b

>,\I

0

5o o =y o
© oo om o> 2 i

)

[es

off
1_4

Foll= ole A7 Fiel o= Futel fivh -2yt A AlxA A

GMO zh= Ay 7hdAbds glod, A83F dAS AA AES7E o
oy A NS SAeE V1Y R diE, daa
FolAY B Vles AR ¥ -

o2 2L ot d

ox X 1g K1 o o

o —ﬁ dm e N

2

qEe 4% 3 54 o4l ofe] 71x Fejel

sEd s wEHY oled AEHAE oBd & g Ao 4%, wa 1

Y Fol  FFE ATk Ago] oA 2EY2E AAFT WS 71
A e A5 obgx 93] SEE
W

kinase (MAPK) % calcium—depent protein kinase (CDPK)%} Z-& Al & A

A7t 52 ol Bsh Holxith. olel e AEe] W BAL, AEAL,
oA, AsEal, AT AN e A5 Ao WA ABADAAL} FE
A4 F AAdzgAge] B olojd WAl BAW F Be FAAES
Wdo] fEuoldy HAFHom AEe ot AFHS ASSHA W

(Yang et al., 1997; Zhang et al., 1998).
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Mitogen—activated protein kinase (MAPK) cascade= S A E A 2
ol A5E AEHY wrgor Ads) F= 4TS ste o AsdgAA
& ofe] 7HA 2EY 2] o) @43t oIt} (Kyriakis and Avruch, 1996). ©]
e 9Fe AeE AME UFE Adste 8% AsHAGEAAd MAPK
pathwayell et A= F= FHel A EdA Hol A77F HaA=HAT (Jonak
et al., 2002; Mishra et al., 2006). ZL2{} W} 2 9]H el 2=l e] MAPK
pathwayel & 7+ w52 Dr. Yang 2§53 T3, I gl o] @
N ZFeld AP ot ofAx 53] wH|g AEje]tt (Agrawal et al.,
2003 Rohila and Yang, 2007). £3] HolA MAPK cascaded] A% Aol ##H
H odAare A HoldA &= AEjolth wEbA] 2 AT A o] el 4 MAPK
pathwaydl #HH FHAA9 715 AFE F3] MAPK cascadeo] o3t A=
2 9m7F Ao shA

Fal= Na' ook Cle wmrb €sle] Heof I o] EE
hyper—osmotic Z~EH2~E WHozH A2 AEAE F7 st} (Blumwald,
2000; Zhu, 2001). <da&ls e AES Ao astar cell division
expansion®] A FH W deathE &XIA|ZIt}. BE3F membrane disorganization, 2
A2l =7}, metabolic toxicity, F&A A =9 FHrt Eldr
(Hasegawa et al., 2000; Zhu, 2002). o] 3}t
A e ddey] HeiAe ool A 7RSS W] wEA F9
el Agete= ol FoEURE dgsith w2 dAE 9 B

2E 2 WAd 712 WE W] f18ke], yeast systems ©]-&3F3AT
Yeast= of¢] 74 2Eg 2o ik A= A 713 ATl 58 B4 A=
Howg wWo| o]fgEol Xz om (Posas et al., 2000; Serrano and
Rodriguez—Navarro, 2001), 2#] 21 &3} yeastite] 1d WAlo] #A=HFH o] A
do] gAkAd 712 (Shi et al., 2002; Zhu, 2001, 2002), 18] 31 ABA—dependent

and independent osmotic stress A& AY (Kang et al., 2002; Liu et al., 1998;

osmotic

Nakashima et al., 2000) 2 <12 sodium transporters®} protein kinases %
osmotic stress W&ol #HAR FHAES] 7] 5o] ofF fFAlsttha Hag nh 3l
t} (Apse et al., 1999; Hirt, 1997; Taji et al.,2002). o] % yeast A] 28L& o] &
o] odal g FAAES Adelelt ATAAE 5Pl AWT 4 v
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Al 2 A AFEHe s VAL ER HA

B e} 7o 9wl Al&o|xe] MAPK pathwayel 3t A& 1|9

A5 a5 FE T, dE g a9 2 U aFelA Ay oy o
FAAs AA7ER ] Al zko] Arabidopsis@F 7S Al o] H]E Ho] AQE Myt
ofye}l gk Mgl 7)zke] Y o] ofH % 3] nu|g Aejolt). e W A
A Aol Wl a sy FARe] 7l tid AFE st 170l e 4
55 ‘?i?ﬂ% el HlE Aoz Ao {FHAe] AHHE olH L
Arabidopsis 179 ®o] oJ&E3stal Sl Aot

U], 9 B2 Aol Hatkst @ 19 2EY e sk AE ghE
22He AFsta Ao AVldlE HdE JlES olgsteE WW (cDNA

micro—array analysis, Kehoe D.M. et. al., 1999; DNA chip technology, Cho R.J.
et. al., 1998), Z~E# o] HFEHE EST Wi &H XX genomic DNA
sequencing ¥, mutant screening, salt stress molecular marker 7§ & o &
A QT HEE BEOR 48 20 B4 AEds d@ qds Relsind

wesha gk Tel oleld WHES e AuE 92 & ke Wi
doo BAE FAA LA PHT F Aok Fe Pl

D7IHAE B AT B ARl AgdEtkeE Aol & u AV A

B gEvhd J)se] HEgA e fAAES B @ el =

Rui
Mo S ww (m

ol 2w % WA A& gol Aol Hn AT Ao
2 oE 48 v Fue] FEHor Arste JEEel wu udrizie] 2
iomgbetel 71 AR Aaw fAAe] §Ae dastine we Aol ue
a9,

N4
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A1d HolA HYgdd H¥k3dE MAPK AZALDA A
o] YA 715EY

1. A

AAH R F3 HolME: HWAdd dFdE ATHAIEAAA MAPK
pathwayel ot A7} Hl%é}@ @42 2 7S] MAPKZF E8]Eem 1 AE
ARl 7]wol oigh HE w3 F53 AEjolth. aEiA . AFolAe WA
#E B MAPKE ¢14k3l A AFE upstream MAPK kinases #2]8bo] H A 3}
Aol #rojsk= W o] MAPK cascades ¥18] iz gk, & AFtoll o3 7 b
HAASA = 250 HAGA #BH MAPKO 7]doly HAF 2HAx &= 3§
9o Hé?ﬂffo l #HHE Vs FARES AEE ¢ e AETE 2 Aol

A= WA gAdgA ] ZEel 7]ofd Aot

7}. OsMAPKK 3# OsMAPKe €24 % A3 4% #A4 g9

Heatol o] fri¥+= MAPKKe S2YS 93] Hol ddnEHd
Sl Xanthomonas oryzae pv. oryzae K3& &S T total RNAE FE3}4
1= template® AF&3la, BEH NtMEK2 domains Z4%E degenerated primer
£ AF3ste RT-PCRE E3l9 NtMEK2 ortholog®l W2 OsMEK1, OsMEK2
2 OsMEK3 59 370 #2129 full-length cDNAZ pGEM T—easy vector]
FEYE st A7IAES AAste] ERlekqlth. OsMEK], 2, 39 474 ES 7]
Z=2 ot MEs AAS A3 BT Serine/Threonine kinase domaing 7}
Atk ES NtMEK2¢F Hlalsl & A3} opw]edt =4 OsMEKI, 2, 3 747}
69%, 68%, 74%2] &S Bolom MAPKK kinasesol 93] <1iks} = ojx]+=
HE5 S/TXXXS/T Z717F NtMEK29} &8s 3kl & 4+ Ay (29 1).
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HEHEK2
0sHEK1
OsHEK2
0sHEK3
Consensus

HrHEK2
0sHEKL
0sHEK2
0sHEK3
Consensus

HEHEK2
0sHEK1
OsHEK2
0sHEK3
Consensus

HrHEK2
0sHEKL
0sHEK2
0sHEK3

1 10 20 30 40 50 B0 70 80 a0 100 110 120 130

1 1
HRPLA TTSSSTTI DLTLPL AVPLPLP==P TPLHFSELERTHRIGSGAGG TVYKVLHRPTGRLYRLKY
TLI

TSLAVPLPL TTT! EELERVRRVESEHEETVHNVRHRETEKEYHLKV

HRAGDHPGRGARRRP—-——DLTLPHPORDAPTSLAVPLPLP P T TGKEYALKY

HRP -GGPPSLRAGLODOGAOFGTT GR-SRRRP———DLTLPL PURDLLTSLAVPLPLPLPPS5APS5TS556555L GRVPTPPHSYGOMPTAPPPL SELERVRRY GEanGG T YHHYRIIRP TCRPYAL Y
AP aPPass@eseaanen a..nPgr.sRrRP. .. .DLTLP$PORD. .tSLAYPLPLP. .p.5aP55.555555PLesssssssssssn P.p..LSELER!rR! GSGAGETYunYrHRpTGr . YALKY
131 140 150 160 170 180 190 200 210 220 230 240 250 260
1 |
TYGHHEDSYRLONCREIEIL ROVOHPHYVRCHOHF DHNGETQYLLEFHDKESLEGIHIPKESALSOL TRQYL SGLYYLHRRKIVHRDIKPSHLL IHSRREVKIADF GYSRYLAQTHOPCHSSYGTIAYHS

LYGHHDDAYRROTARETATL RTAEHPAYYRCHDHYERGGELAOTLL EYHDGGSL DGRRIADERFL ADYARAYL SGTAYL HRRHTYHRDTKPSHLL IDSARRYKTADF GYGRILNATHOPCHSSYGTIAYHS
LYGHHDDAYRROIARETATL RTAEHPAVVRCHDHYERGGELQTLL EYHDGGSL DGRRTIADERFLADYAROVL SGIAYLHRRHIVHRDIKPSHLL IDSARRVKIADFGVGRILHOTHOPCHSSVGTIAYHS
LYGHHDDAYRROITRETATL RTAEHPAVVRCHGHYEQAGELATLL EYHDGGSLEGRRIASEAFLADYAROVL SGIAYLHRRHIVHRDIKPSHLL IDSGRRVKTADFGVGRILNOTHDPCHSSVGTIAYHS
1YGHH #Da¥Rr0i.RELaILRta#hPa¥YRCHAHZ %, (GELD.LLEXHDgGSL#GrrLa. E. fLaDvaRQVLSGiaYLHRRhIVHRDIKPSHLLI#S . RrYKIADFGYgR ! LnOTHOPCHSSYGTIAYHS

261 270 280 290 300 310 320 330 340 350 360 30 380 290

[} 1
PERINTDLHHGQYDGYAGDIHSLGYSILEF YL HCATL TACCLE AYOLLRHPFITANSPAATT TGHHNPLPHAYHAPAHALLPPPPH
PERIHTDLHDGAYDGYAGDIMSFGLSTLEF YHGKFPFGENLGKOGDHARLHCATCYSDPPEPPARYSPEFRSFVGYCLY 'SAAOLHOHPF YAGPOPOPLARPPPSS
PERIHTDLHDGAYDGYAGDIHSFGLSILEF YHGKFPFGENLGKOGDHARLHCAICYSDPPEPPARYSPEFRSFYGYCL! OLHOHPFYAGPOQPOPLAAPPPSS
PERIHTDLHDGAYDGYAGDIHSFGLSILEF YHGRFPLGENLGKOGDHAALHCAICYSDSPAPPPHASPEFKSFISCCLY DLLOHRFYAGPQQOQQPQPAPLAPPPS

PERTHTDL HdGaYDGYAGDTHSF G15TLEFY#GrFPfgenlGkqGDHAal HCATCyS #pPepPanaSpEFrsF! . cCLI HqHPF ! agpPqPg. . e cPePessParssisiannasanns

392
1-1
FS55

Consensus ...

a9 1. 2299 OsMEK1, OsMEK2 18|31 OsMEK39] olu| =4k A E-&

NtMEK2 2}k

SEEEE]

T3k OsMEKI1, 2, 3¢] 7]d & o]&5¥+ OsMAPKs& = 3d17] 919
oA AE3E  templateE o] 83 RT-PCR WS %3 OsBIMKI1
(AF332873), OsBWMK1 (AF17792), 18131 OsBWMK2 (AY588939)%5 <8 HA|

EEEE

ANALS ARt 7ol OsMEK1, 2, 3% site—directed

mutagenesis WHE o] &3dte] HEFZ S/TXXXS/T &7|He] g Thr(T)S

Asp(D) =,

Ser(S)S  Asp(D)2 A 3sle]  @Adst®E el  OsMEK1,

OsMEK2"", OsMEK3"® ZdwolA& 7tz ojw OsMEK7F 24 3% NtMEK2<]
ortholog®l A& 3HQlstarxl 3t} T3k OsMEKe 7" &2 o] &3+ OsMAPK

& 37

=

2] 3l OsMAPKs< autophosphorylation 4] o] Aold

[(Lys(K)—Arg(R)] EH¥H oA S wE9] protein expression vector$! pET—28a(+)
vector®l] subcloningsle] BL21(DE3)el @& A3t A7l 3 0.5mM IPTGE ©]&3}
o] guldo] WeS fEsgdtt. w3 % histagged AMEFE @MW AS nickel
columnss ©] &34 =it sto] o A3 o] &3t

pTA70029] subcloning® NtMEK2™ 9} OsMEK1", OsMEK2™,

OsMEK3"P

constructs< Agrobacterium—mediated transient transformation 3%+

% dexamethasoneE 3] Fuljo) A vzt kS-S s1s A7 OsMEK3PPo]

AETd A
(2 2).
OsMEK30]

Bol A NIMEK2™e] H%® w2 o] A 3Ah @abe] vehukeh

o L T

o] Ay OsMEK1™, OsMEK2"®, OsMEK3" constructsE #
XA 3 NtMEK29] orthologdS 953 At g & Azt
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Consiructs

1 NEMEK2PD +H
2 OsMEKTPP -
3 OsMEK3PP +
i OsMEK2PP -

18 2. pTA7002¢] subcloning® NtMEK2"™ ¢} OsMEK1"”, OsMEK2",
OsMEK3™ constructs< Agrobacterium—mediated transient transformation 3F
% dexamethasoneS A& in planta 84S 213 Au

w3 NtMEK2™ ¢} OsMEK1™, OsMEK2"™, OsMEK3"" constructs<
Agrobacterium—mediated transient transformation 3+ F& ]/\1 DEX—E‘ =] 2] gk
& Z7F 3AZ, 8AIZE, 24A1%F Hel AMEHE & Ut
western % in—gel kinaseS G338 23} DEXV} AgdE RE “%— |4 2E A
Zolq wwAdSs e £ glglont 9o ZAxpel FAsA OsMEK1I™ ¢}
OsMEK2"0] HF¥ F-Folqi ojm3 MAPKS 4ol Holx gr) 19
U} NtMEK2™ ¢} OsMEK3"7} #HF® FEo|A= SIPKe WIPKZF @43 €

AS 3ol & 4 gt (28 3). thyk OsMEK3™7F AEm R A= v
okalAl WIPK7} @43t | AL F2d 4 st olE 9o H¥zh wgo]
F@Fo] OsMEK3™ 7 HZE8 HREo|A ofstA vehd ZAatel 5d3Ss o &

AT

N7



NtIMEIK20D OsMEK3P?  OsMEK1PD OsMEK20D

0 3 8 24 0 3 8 24 0 24 0 24 hr +DEX

Anti —Flag
IB assay

In —gel
kinase assay

a9 3. NtMEK2™ ¢} OsMEK1™, OsMEK2"”, OsMEK3"™ constructs<
Agrobacterium—mediated transient transformationdt 3 DEXE &gt M Zdj A
westerno. 2 @RS g Ax (S 1¥). NtMEK2™ ¢ OsMEK3"™
constructs®] =3 Hujol A SIPKE 73A A3 A7)+ AL in—gel kinase
assays T3l &< g Ay (o} 19)

OsMEK39°] A3 NtMEK29% orthologdsS 9l
WTS OsMEK3"'#} #1429l &4d& 717 OsMEK3™ &
¥ OsMEK3™ EddolalE& A=3 F pET-28(a) WElol subcloningdhol
BL21(DE3)o| @A 3kl histagged AZXF @WAS &5 sttt (19
4A). eedd Az 9 71 % 7} OsMEKE<]
kinase &AS dolr 7y 8] &FEge 2T ‘% 28 o] &3} in—solution
kinase assayS 33}tk Autophosphorylation® A3} OsMEK 3“3}
OsMEK3™ Edwold Az @A) = kinased] &4 ld S’,l?io

Bg4g8te OsMEK3™ EdwolAd e Axg S Ao = kinased &

e 0T F gldT (1§ 4B).

15t 3 OsMEK39]
AwolA e} g st

A B
OOEOEE®G® &G @

—_— OsMEK3WT OsMEK3*® OsMEK3PD

) Lysate (& Lysis buffer (3 Wash buffer
@~ 100mM Imidazol buffer
&) 250mM Imidazol buffer

19 4, OsMEK3¢] #x&x oz gdAS 71z EdAWolA 5427} subcloning®
pET—28(a)+"E constructE BL21(DE3)o] d& 3t 3 [PTGE H =3+
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t}& histagged AZ WA S nickel columnsS o] &3iA &=FEE o
SDS—PAGE3+ A3(A). OsMEK39] WT, &3y Sdwol A ¢l KR}
AEHoR G4E 7 EAWelAY DD Aol Axd dlAdS o] 83

autophosphorylation®] Z23}(B).

ANz G AL o] &3 kinase2 A AE ATl WAt
OsMEK 3", OsMEK3™, OsMEK3®® constructsS Agrobacterium—mediated
transient transformationd ¥ DEXE * &gt MZol A westerno = G S
13k A3k, DEXE A3 MIZoA dldo] gelEglert ¢4 0sMEK3™
constructs®] FEH MEAA T =gk SIPKe} kst WIPKS] €4 o]

FAENEFS & AU (2™ 5).

QsIVIEK 3T OsMEK 3PP OsMEK3R
0 3 8 24 0 3 824 0 3 8 24 hr +DEX

Anti - Flag
IB assay
_ In —gel —_ US\}IFF’}?(
Kinase assay
a9 5. OsMEK3"", OsMEK 3", OsMEK3*® constructs<

Agrobacterium—mediated transient transformationdt & DEXZ g3t M Zof A
western©.® AL geolgk Ay (R 18). OsMEK3™ constructse] HE¥
o Al SIPKE 78k @438t Al7]= S in—gel kinase assaye 33 &
¢l gk Ay (o 19)

wol| A WA AHE MAPKE F OsBWMK1¥} OsBIMK19] A7} o
gEo) kot 12yt obA7kA] o] 52 upstream kinaseol gk A= Hs HA &
Ik Held WA #EwE ANE AY AAES dolrr] s OsBWMKI,
OsBIMK1 18]al OsMAPK4AE 77 Z7Jalal 159 2844 SdHo|AE w5 2
Ao A Agsta = B9 MAPK kinaseE3 A% #A1S in—solution kinase assay<
o] &3 selal ¥ Az} OsMEK37} OsBIMK19] upstream kinase®] 9 33t
= Ao ARG (19 6).

[aYal



OsMEK3WT OsMEK3PD

—_— O=BMKTIE DsBWHMKI® DshAPKL® —_— DsBIMKTE OsBWHK 1S OshAPKUR

% 6. OsBWMK1, OsBIMK1 183l OsMAPK4¢] B84 ZAQMolAE o] &3 19
upstream kinase$¢l OsMEK39}te] A5 #AA1S el Axt

;. OsMEK37F 32A8d ¥ AEA &2 % oJfaize &dd F2l

A X8 binary ME ] subcloning®l constructE<S Agrobacterium
tumefaciens LBA44049] FAAZE & = 207 lined FZAAI}AE 3390}
A AZEH JAHASAES AAE} binary ¥EH | primerEs forward® -
Hzlo] Eo)Aol HES reverse® PCR product”’} ¢F 500bp7F H == primerE
Azatdct, 7t YAARAZEE genomic DNA PCRE §338}4] gelol 7]
5% A3 EF PCR productE ¢l & 4 SIStk positive =2 127}

¥3H plasmidE 0] &35 2™ negative HETE @ A3LE ol wild types!
& ol g3l (19 7).
(¥ . 24 5 7 8 9 12131415 1617 18 20 22 23 25 2B 27 wt plasmid

. ZF A ARA ZRE genomic DNA PCRE 4383}t PCR productE

o1
ro o
\“

AN



goly FHAASAES AS AE F dexamethosone ENo| H I
2 2E amAS AA o] anti—flag antibodyE ©]-83lo] western 4%

3}0:"3]-. Binary HEH S W& o F4x19] 5° Zo @A o] WeS detection
2138l flag tagE B F®7] Wl western A4S T3l FAAIAZH
H %*ﬂ—ﬂé‘fﬂ w1y el 3 4 gty HFHow A4S OsMEK3Y' 370 line,
OsMEK3"" 571 line, OsMEK3*® 87} line®] #AA3tg vlFoA tx= 8719
OsMEK3™® line© 2 %8 western ¥4 Z#S ofg] aox &3 4 9t}
OsMEK3*® —8 lineS A|9|gF 77] lineol|A] @l Ao wygS el }glr), ®sh
ofAEQl Exlo A= OsMEK3 W@l ds =<l 8 4 gldth (1§ 8).

& 4 o
N2 e

o

OsMEK3®® Dongjin
1 2 3 4 5 7 8 9

Anti-Flag

TBanlysls | i ————— = ‘MEFE

13 8. Anti—flag 3 FAASA =Y YT OsMEK3

FAE ol
CER SR DEE

2
.

Al OsMEK39] Hds &2ls JAAIAAEZFE OsMEK3
Aol 319le] MAPK &43tel ojmsk #do] =% oJF = in—gel kinase
WS- o] &3] BHels] Hgkth OsMEK3”P—7 lined] 73%% H ] 48—kDa MAPK
gAstel ofstA AgetAw YA FAAE lineES D oﬂ os oA
9l OsMEK39 wrdo] fxw $ weo 48—kDa MAPKE 7 3HA &4 38 AlA
FS 82l 3 & JTh ES gzTE AMEH OSMEKBKR 1 11ne°ﬂ ~ 48—kDa
MAPK 2437} OsMEK3™ =7 line®] 7Z-¢#% oFa}7 vebgs 29 &givt

(29 9). A OsMEK3"', OsMEK3"", OsMEK3*® line?] ?fgﬂzj H W= T
Al F2HE @71 S8 A4 wjdFololA T, TA7F FolAd ¥+t Xif'%}
Aol #dd dA7E 3T £ gedd Ay, aga NiMEK2™ ¢
NtMEK3M® 4771 @ AA38 vlo)A DEXS Awls] we WA #a A
SAGAAE St A7 = (A 24 29 1 X)) stF FHoll sedntEH el
Xanthomonas oryzae pv. oryzae K3& AE3ste] WA ofF slo]l &}

21 s
_ < T
Yoo FE AU WL I8 UFY Aol WEE BAY + A



v

NtMEK2"® 7} 4439 wloldEs HEd FRoA 29 AdA whgo] W
ol Tl sl WAHE WA @4E B wh NIMEK2® faA7t
| OJ [¢]

PFAHAZE HolA= APA Q] dAdntEHTS Z9< & 5 AAT (2" 10). ©]
Avh wujel NIMEK2™ @afdel] ofs) vje] 3}9) MAPKZl @dste & WA
Ao #HAE o] FHAEe] TdSs HXE dAdvtEEd i AFESE B
Fes rEtt s
OsMEK3"P OsMEK3EE
7 8 10 12 13 15 19 21 1
In-gel kinase
assay — Phosphorylated
48 kDia MAPK

1% 9. In—gel kinase W s o] &3 FAHSAZTEH OsMEK3 w2 ¢
o ok o] 319 MAPK &AstE &2l A}

NIVEK2KE - 6 NtVEK2DD -13

18 10. DEXE Agd NtMEK2® oF NtMEK2™ 243 e 3
12 Xanthomonas oryzae pv. oryzae K3 HZE3dto] YHA o=

3 SAEE ARER F9E BAL

AN



Al 24 Expression of an active tobacco
mitogen—activated protein kinase Kkinase 1is involved
in multiple defense responses in transgenic rice

plants

1. Introduction

The mitogen—activated protein kinase (MAPK) cascade is a major and
evolutionally conserved signaling pathway by which extracellular stimuli are
transduced into intracellular responses in eukaryotic cells (Widmann et al,
2001). MAPK cascades are composed of three protein kinase modules. MAPK,
the last kinase in the three—kinase cascade, is activated by dual
phosphorylation of Thr and Tyr residues in a TXY motif by MAPK kinase
(MAPKK). MAPKK, in turn, is activated by MAPKK kinase (MAPKKK)
(Zhang and Klessig, 2001 MAPK Group, 2002). Recently, a complete plant
MAPK cascade that functions downstream of the flagellin receptor, FLS2,
which is a leucine—rich—repeat (LRR) receptor kinase, was identified using an
Arabidopsis thaliana protoplast system. Activation of this MAPK cascade was
shown to confer resistance to both bacterial and fungal pathogens, which
suggests that signalling events initiated by diverse pathogens converge into a
conserved MAPK cascade (Asai et al., 2002). NtMEK2, a tobacco (Nicotiana
tabacum) MAPKK, is known to activate both salicylic acid—induced protein
kinase (SIPK) and wound—induced protein kinase (WIPK). Ectopic expression
of NtMEKZDD, a constitutively active mutant of NtMEK2, was found to
induce HR—like cell death and defense—related gene expression, as well as to
promote the generation of HyO, in chloroplasts in tobacco (Yang et al., 2001
Liu et al., 2007). In addition, Ren et al demonstrated that tobacco NtMEK?2
was functionally interchangeable with AtMEK4 and AtMEKD5, two Arabidopsis
MAPKKs, for activation of the downstream MAPKs in Arabidopsis (Ren et
al., 2002). Furthermore, StMEKlDD, the constitutively active mutant of the
potato ortholog of tobacco, NtMEKZ2, has been shown to activate SIPK and

WIPK and induce the transcript accumulation of defense genes (Katou et al.,
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2003). Moreover, it has been shown that StMEKlDDtransgenic potato plants
driven by a pathogen—inducible promoter have resistance to the early blight
pathogen, Alternaria solani, as well as to Phytophthora infestans (Yamamizo
et al., 2006).

Extensive studies have been conducted to evaluate the functional
understandings of many MAPK genes and their upstream Kkinases in
dicotyledonous plants such as Arabidopsis, alfafa, tobacco, tomato and parsely
(Jonak et al., 2002; Mishra et al., 2006). To date, a total of 17 MAPK genes
have been identified, and several of these have been characterized in rice
(Agrawal et al., 2003 Rohila and Yang, 2007). However, little is known about
the interactions between components of MAPK and upstream MAPK Kkinase
in rice. Therefore, a more detailed study is necessary to identify upstream
kinases and downstream target proteins to better wunderstand the
MAPK—mediated pathways in rice.

To understand the MAPK cascade associated with disease resistance in
rice, we transformed rice plants with the tobacco NtMEK2Y or NtMEK2%F,
which encodes the constitutively active mutant or the inactive mutant of
NtMEK2, respectively, under the control of a steroid inducible promoter. In
NtMEK2" transgenic rice, activation of the endogenous 48—kDa MBP kinase
leads to HR—like cell death,which is preceded by the generation of hydrogen

DD . . .
277 gene In transgenic rice

peroxide. Furthermore, expression of the NtMEK
plants induced the expression of several downstream MAPKs and
defense—related genes. Taken together, these results suggest that NtMEK?2 is
functionally interchangeable with a rice MAPKK and also a useful tool for
evaluating the MAPK pathway involved in signaling pathways that lead to

defense responses in rice.
2. Materials and methods

Generation of transgenic rice lines

The NtMEK2™ and NtMEK2*® constructs were used to generate
transgenic rice (Yanget al., 2001). Each construct was transformed into
Agrobacterium tumefaciens EHA105 by electroporation using a cell—porator
(Life Technologies, Rockville, USA) according to the manufacturer's
instructions, with slight modification (Hiei et al., 1994; Lee et al., 2002).
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Briefly, calli from the mature embryos (Oryza sativa L. cv. Dongjin) were co
— cultured with A. tumefaciens EHA105 that harbored constitutively active
mutants or the inactive mutants of NtMEK2 gene for 3 days. Next, the calli
were washed 10 times in distilled water and then placed on pre—selection
medium for 10 days. Several calli were then selected for additional growth on
MS medium containing 50 mg/ L hygromycin for 1 month. The calli were
then regenerated on shooting medium for 2 months, after which they were
transferred to rooting MS medium containing 250 mg/ L carbenicillin for 2
weeks. For regeneration, the temperature of the tissue culture room was
maintained at 25°C with a 16 h light/8 h dark photoperiod. The regenerated
transgenic plants were then moved into soil and maintained in a greenhouse
until seed harvest (Supplementary data Fig. 1). Next, the T; seeds of the
transformants were selected on MS medium containing 50 mg/L hygromycin

and used for the following experiments after being moved into soil.

Inoculation with the rice bacterial pathogen

Xanthomonas oryzae pv. oryzae (Xoo) strain K3 inoculum was used
after suspending bacteria grown in NB (Nutrient broth, 5g peptone, 5g NaCl,
2g Yeast extract, 1g Beef extract per 1 liter) in 10 mM MgCl2 buffer. Plant
inoculation was performed using the leaf clip method. Briefly, the uppermost
leaf of the rice plants were cut at the tip (1—2 cm) with scissors that had
been dipped into bacterial inoculums (OD600 of 1) (Kauffman et al., 2003).

The Xoo—infected leaves were then collected at 48 hr after inoculation.

Preparation of protein extracts, immunoblot analysis and in—gel kinase activity
assay

Total protein was extracted from rice leaf tissue by grinding the leaves
with small plastic pestles in extraction buffer. After centrifugation at 18,000Xg
for 40 min, the supernatants were transferred into clean tubes, quickly frozen
in liquid nitrogen, and then stored at —80 °C until analyzed. The concentration
of the protein extracts was determined using a Bio — Rad protein assay Kkit.
Immunoblot analysis of Flag—tagged proteins was conducted as described
previously (Yang et al.,, 2001). Next, the in—gel kinase activity assay was
performedusing myelin basic protein as a substrate as described previously

(Yang et al., 2001). Prestained size markers (Bioneer, Daejeon, KOREA) were
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used to calculate the size of the kinases.

Histochemical detection of hydrogen peroxide

The production of hydrogen peroxide was detected by the in situ
histochemical staining procedure using 3, 3'—diaminobenzidine (DAB) solution
(Thordal—Christensen et al., 1997). Briefly, the detached 6—week—old rice
leaves that had been treated with DEX were placed in a solution containing 1
mg/ml DAB (pH 4.2) for 8h. The leaves were then boiled in ethanol (96%)

for 20 min to remove the chlorophyll.

Reverse transcriptionPCR and Quantitative real—time PCR analyses

The expression of the OsMPKs and defense—related genes was analyzed
by extracting RNA samples from NtMEK2" and NtMEK2*® transgenic rice
leaves that were treated with 100uM DEX using the RNeasy plant mini Kkit.
Following DNase treatment, reverse transcription was performed for 1.5 h at
42 C in a final reaction of 20 ul containing 3 pg of the purified total RNA.
The first—strand was then used as a template for PCR amplification, which
was conducted using 12.5 pmol of each primer set (supplemental Table 1).
Next, the RT—PCR products were separated by gel electrophoresis inagarose
gel and the bands were visualized by staining with ethidium bromide.
Quantitative RT—PCR analysis was also performed using SYBR—Green PCR
master mix (Qiagen, Germany) and a Rotor—GeneTM 6000 real—time PCR
system (Corbett, Sydney, Australia) according to the manufacturer's
instructions. After normalization to rice 18s rRNA, the relative gene
expression was calculated. The primers used to amplify the OsMAPKs were

obtained from Reyna and Yang (2006).

Results and Discussion

Generation of NtMEK2P? rice transgenic plants and expression of transgene
Transgenic rice plants that containedan active or inactive mutant of the

NtMEKZ2 gene were generated and examined to determine whether tobacco

MAPK kinase was functionally interchangeable with rice MAPK kinase.

Although the glucocorticoid—inducible system has been characterized
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extensively in dicotyledonous plants, to date, it has not been tested
extensively in rice or other monocotyledons. However, Ouwerkerk et aladapted
the glucocorticoid—inducible system for specific use in rice (Ouwerkerk et al.,
2001). In this study, rice plants were transformed with constitutively active
mutant (NtMEK2P®) or inactive mutant (NtMEK2X®) of the NtMEK2 gene
under the control of a steroid inducible promoter (Yang et al., 2001). In this
system, a Flag tag was added to the N—terminus of the transgene to enable
detection of transgene expression using an anti—Flag antibody. The integration
of the transgene into putative Ty transgenic plants was detected through
polymerase chain reaction using NtMEK2 specific primers (data not shown).
The expression of the transgene in Ty transgenic plants was tested by
treating detached leaves with DEX (100uM in water). Briefly, detached
10—week—old rice leaves were soaked in water containing DEX for 24h in
conical tubes that had been sealed with parafilm to prevent dehydration. Leaf
discs were then collected and the transgene expression was checked by
immunoblot analysis and an in—gel kinase assay. The HR-—like cell death
phenotype was determined between 48h and 72h following DEX treatment. As
shown in Table 1, transgene induction was detected in 9 out of 13
NtMEK2" lines and 6 out of 8 NtMEK2"" lines following DEX treatment.
Only the NtMEK2P" lines with detectable transgene expression were found to
have the HR—like cell death phenotype. No cell death phenotype was observed
in transgenic lines that contained the NtMEK 258 gene, even transgene
expression was detected. Most of the putative transgenic lines showed a
normal growth rate and set seeds (Supplementary data Fig. 1). Three
independent T; NtMEK2"™ transgenic rice lines (NtMEK2" —5, NtMEK2"
—10, and NtMEK2"® —13) and two independent T; NtMEK2X} transgenic rice
lines (NtMEK2"® =3 and NtMEK2"® —6) were selected at random for further

analysis.
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constructions Total lines Line showed Line showed

generated! transgene HR - like cell
inducibility? death?
NtMEKP? 13
NIMEKER 8

Table 1. Correlation between the inducibility of NtMEK2"” expression and HR
like cell death in Ty transgenic rice plants

"Transgenic rice plants were generated by Agrobacterium— mediated
transformation and selected on MS medium containing hygromycin.
2Transgene inducibility was detected in leaves collected 24h after DEX
(100uM) treatment by immunoblot analysis and in—gel kinase assay.
*HR—like cell death phenotype was determined between 48h and 72h after
DEX treatment of detached rice leaves. Detached leaves were treated by

soaking them in water containing DEX.

&Y (B)

(E)

NeMERK2KR |
NtMEE2DD

Supplementary Fig. 1. Construction of NtMEK2 transgenic rice plants

Callus from Dongjinbyeo (Oryza sativa L.) were cocultured with A.
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tumetaciens EHA105 that harbored either the active or the inactive mutant of
the NtMEK2 gene, respectively. (A) Proliferating calli were transferred to MS
medium containing 50 mg L—1 hygromycin. (B) and (C) Hygromycin resistant
shoots were obtained from the calli on selection medium. (D) The putative
transgenic shoots were then transferred to rooting MS medium containing
250mg L—1 carbenicillin and 50 mg L—1 hygromycin. (E) Transgenic plants
were cultivated in plastic pots for 3 weeks for hardening. (F) The hardened
transgenic plants were transferred to pots. Wild type (Oryza sativa L.
Dongjin), To NtMEK 258 transgenic rice plants and Ty NtMEK 2PP transgenic

rice plants were grown in the greenhouse.

Expression of NtMEK2" activates 48 kDa MBP kinase in NtMEK2"”
transgenic rice plants

The selected 6—week—old T: plants were collected 24h after DEX
treatment (100 pM). The transgene expression was then evaluated by
immunoblot analysis and the activation of endogenous MAPK(s) by an in—gel

oK% and three

kinase assay. The expression of transgene in two T; NtMEK
T1 NtMEK2"P transgenic rice lines was detectable at the protein level.
Interestingly, NtMEK2"" proteins showed an up—shift in the SDS—PAGE
when compared with the NtMEK 258 proteins (Fig. 1A). The activation of an
endogenous 48—kDa MBP kinase was observed in all three T; NtMEK2"
transgenic lines. Conversely, no endogenous 48 kDa—MBP kinase activation
was observed in the T; NtMEK2F transgenic lines (Fig. 1B). The molecular
mass of the 48 kDa MBP kinase in the T; NtMEK2"” transgenic lines was
calculated by simultaneously conducting SDS—PAGE using proteins extracted
from transgenic NtMEK 2™ tobacco plants following DEX treatment (30 puM)
(data not shown, Jin et al., 2003). To determine if the rice 48—kDa MBP

2PY was involved in the defense

kinase activated by the expression of NtMEK
responses of rice, proteins from bacterial pathogen—treated rice leaves were
extracted and analyzed using an in—gel kinase assay. Activation of the same
48—kDa MBP kinase was also observed in rice leaves treated with
Xanthomonas oryzae pv. oryzae (Xoo), the bacterial blight pathogen of rice
(Fig. 1B).

A detailed time—course study of transgenic lines after DEX treatment was
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performed. Immunoblot analysis revealed that weak expression of the
transgene in both the NtMEK2*® —6 and the NtMEK2°P—13 line occurred
after 12 hr of DEX treatment and was maintained for 48 hr after DEX
treatment. However, rice 48—kDa MBP kinase activation occurred only in the
NtMEK2P°—13 line. In addition, when HR—like cell death began to appear 48
hr after the induction of NtMEK2"P expression, the activation of a 45—kDa
and a 40—kDa MBP kinases was also detected(Fig. 1C). This result indicates
that long—lasting activation of the 48—kDa MBP kinase is sufficient to induce
HR—like cell death and that another MBP kinase may play a role in
accelerating the cell death process. This data is consistent with the results of
a study conducted by Zhang and Liu (2001) in which treatment with SIPK
alone was found to be sufficient for the activation of several defense
responses,including HR—like cell death. To date, a total of 17 rice MAPK
genes have been identified and characterized, with their functions being found
to occur primarily at the transcriptional level. The mRNA level of OsMAPK6
(also known as OsSIPK and OsMPK1) and the OsMAPKG6 protein level
remained constant in response to sphingolipid elicitor however, rapid induction
of the kinase activity, which was found to have a molecular mass of 48—kD
in the activation assay, was observed. This indicates that OsMAPK6 is
posttranslationally activated by a sphingolipid elicitor in a rice cell culture.
Therefore, we conducted quantitative RT—PCR analysis using primers specific
for 10 MAPK genes that are known to be involved in defense response. The
mRNA level of OsMAPK6 was not changed in either of these rice lines after
DEX treatment, whereas the mRNA level of other rice MAPKs was
significantly induced in the NtMEK 2°P transgenic rice lines (Fig, 3A). Taken
together, these results suggest that NtMEK2, a tobacco MAPK kinase,
activates endogenous rice 48—kDa MBP kinase in stably transformed rice.
This 48—kDa MBP kinase, which might be OsMAPK®6, is involved 1in

pathogen infection and defense responses in rice.
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Figure 1. Expression of NtMEK2"” activates endogenous 48—kDa MBP kinase
following DEX treatment in NtMEK2"P transgenic rice plants

(A) T, transgenic NtMEK2*® and NtMEK2"" rice plants were collected 24 h
after DEX treatment and transgene expression was then determined by
immunoblot analysis using anti—Flag antibody. Arrows indicate the rubisco
subunit as the background. (B) The activation of endogenous 48—kDa MBP
kinase in T; transgenic NtMEK2""

kinase assay using MBP as a substrate. Protein extracts from bacterial

rice plants was determined by an in—gel

pathogen—treated leaves were also collected and analyzed by an in—gel kinase
assay. The 48—kDa MBP kinase activated by the expression of NtMEK2"" is
analogous to rice MBP kinase activated by the rice bacterial pathogen,
Xanthomonas oryzae pv. oryzae (Xoo). (C) A detailed time—course analysis
was performed. Detached leaves treated with DEX were collected during the
indicated time period and protein extracts were prepared. After 48 hr of DEX
treatment, HR—like cell death and the activation of three MBP kinases was
observed in NtMEK2"" rice plants. Arrows indicate that the rubisco subunit
was the background. All experiments were repeated three times with similar

results.



Expression of NtMEK2"” induces HR— like cell death associated with

2PY transgenic rice plants

hydrogen peroxide production in NtMEK

The relationship between the expression of the active mutant and the
HR—1like cell death in T; plants was evaluated. Although the transgenes were
expressed in both NtMEK2" and NtMEK2XY transgenic rice, only the
NtMEK 2°P transgenic lines showed the activation of endogenous 48—kDa MBP
kinase and HR like cell death. Interestingly, we found black speckled lesions
in the NtMEK2" transgenic lines within 48 hr of DEX treatment, prior to
the HR  like cell death, and dehydration of the tissue was eventually
observed in the plants (Fig. 2A and 2B). To determine if H:O» production is
involved in the HR-—like cell death induced by activation of the endogenous
48—kDa MBP kinase pathway in NtMEK2°P transgenic rice, DAB (3, 3'—
diaminobenzidine) staining was performed. DAB is converted into an insoluble
brown oxidation product by H:0, in the presence of endogenous peroxidase
(Thordal — Christensen et al., 1997), and the results of this study indicated
that H202 generation occurred in NtMEK2"”

with DEX (Fig. 2C). However, no H»0, generation was observed in

transgenic rice plants treated

transgenic rice plants that expressed NtMEK 2%}, In addition, the expression
of antioxidant genes, such as peroxidase and glutathione S—transferase, was
significantly increased in only the NtMEK2P transgenic rice (Fig. 3B).
Elevated levels of H:O, in transgenic rice leads tocell death and enhanced
resistance to bacterial and fungal pathogens (Kachroo et al., 2003). Taken
together, these results indicate that H»O, production is associated with the
activation of the 48—kDa MBP kinase, which may directly contribute to the
HR—1like cell death process.
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Figure 2. Hydrogen peroxide production precedes the HR-—like cell death
induced by NtMEK 2" in transgenic rice plants.

2KR 6 line

Detached leaves from the T; transgenic rice plants, the NtMEK
and the NtMEK2"® —5, —10, and —13 lines as well as a wild type (Oryza
sativa L. Dongjin, used as a control) were treated with DEX (100uM). (A)
Dehydration of the tissues was only observed in the NtMEK 2°P transgenic
rice lines that were treated with DEX. The photo was taken 72h after DEX
treatment. (B) H:0: production was observed as black speckled lesions in the
NtMEK2" transgenic rice line (arrowed). (C) H,0, production was detected
by immersing the leaves in DAB solution (1 mg/ml, pH 4.2) for 8h followed
by boiling the leaves in ethanol (96%) for 20 min to remove the chlorophyll.
H202 production was then observed as a dark brown coloration only in the
NtMEK 2°P transgenic lines (arrowed). The photo was taken 48h after DEX
treatment. All experiments were repeated three times with similar results in

both the Ty and T; transgenic lines.
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Activation of endogenous 48—kDa MBP kinase by NtMEK2"® expression
induces the expression of downstream MAPKs and a subset of defense genes
in transgenic rice

The expression of defense—related genes was confirmed by comparing
the NtMEK2P"—13 transgenic line to the NtMEK2%¥—6 transgenic lineusing
RT—PCR (Fig. 3B). However, the expression pattern of the rice MAPKs gene
showed poor sensitivity when RT—PCR was conducted. Therefore, real—time
quantitative RT—PCR was conducted to evaluate the expression of the rice
MAPKSs gene. According to the results of several previous studies, OsMPK2,
OsMAPK4, OsMPK5, OsMPK7, OsMPK8, OsMPK12, OsMPK13, OsMPK15,
and OsMPK17 are induced by the rice blast fungus (Magnaporthe grisea) or
defense signal molecules such as SA, JA, or H20s at the mRNA level (Rohila
and Yang, 2007). Expression of OsMPKs (OsMPK4, OsMPK5, OsMPK7,
OsMPK12) was significantly induced in the NtMEK2"®—13 transgenic line
when compared to the NtMEK 25 —6 transgenic line following DEX treatment.
However, expression of OsMPK6 and other OsMPKs (OsMPK2, OsMPKS,
OsMPK13, OsMPK15, OsMPK17) was not induced following DEX treatment,
or no differences were observed between both transgenic lines (Fig. 3A and
data not shown). Furthermore, expression of defense—related genes, including
pathogenesis—related (PR) genes and PBZ1 (encodes probenazol—inducible
protein), POX genes (encodes peroxidase genes that plays a role in oxygen
metabolism), the PAL gene (encodes phenylalanine ammonia lyase, a key
enzyme involved in the production of phytoalexin) and GST genes (encodes
glutathione S—transferases, an enzyme involved in cellular detoxification), were
dramatically induced in the NtMEK2"°P-13 transgenic line. As shown in Fig.
3B, the PR—1a, PBZ1, PAL and GST genes (GSTTU4 and GSTTU12) were
highly induced in the NtMEK2" line within 12h of treatment with DEX. In
addition, the induction of POX2 and PR—3 were very high at 12h and 72h
after DEX treatment, respectively. However, the PR—5 and POX3 induction
were much lower than that of other genes (Fig. 3B). Defense—related genes
evaluated in this study, which included peroxidase, glutathione S—transferase
and PAL, were also up—regulated in rice infected with bacterial leaf blight
pathogen Xanthomonas oryzae pv. oryzae. Induction of the ROS scavenging
system and glutathione—mediated detoxification may be responsible for

hypersensitive cell death in the resistant cultivar upon bacterial infection



(Kottapalli et al., 2007). These results indicate that the expression of
NtMEK2"” in rice leads to the activation of some OsMPKs and several
groups of defense genes. These data are consistent with the results of
previous studies that have found that activation of SIPK and WIPK by
NtMEK2"" leads to the induction of HMGR and PAL, as well as Osmotin,
PR—1a, PR—1b, PR—2b, and PR—3b in tobacco (Yang et al., 2001, Kim &
Zhang, 2004). In addition, Agrobactreium—mediated transient expression of the
constitutively active mutant of OsMEK2, which is therice ortholog of tobacco
NtMEK2, induces HR-—like cell death and activates SIPK in tobacco plants
(Yoo et al., in preparation). Taken together, these results suggest that a
conserved downstream pathway mediated by NtMEK2 exists in both monocot

and dicot plant systems.
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Figure 3. Induction of NtMEK 2°P expression leads to the activation of
downstream MAPKs and several groups of defense genes.

Total RNA was isolated from samples from NtMEK2® —6 and NtMEK2P”
—13 transgenic rice plants collected at the indicated times following DEX
treatment. (A) The expression levels of each OsMAPK gene were confirmed
by quantitative real—time PCR analysis. The expression levels of the 18S
rRNA transcript were used to normalize other samples and the data shown is
relative to NtMEK 25 —6 plants that were not treated with DEX. (B) Reverse
transcription— PCR analysis for expression of defense—related genes was
performed using primers specific for the genes. The bottom gels show
reverse transcription PCR of the housekeeping gene, 18s rRNA, which was
used as a loading control (B). The experiment was repeated three times with

similar results.
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In summary, the results of this study demonstrate that NtMEKZ2 is
functionally interchangeable with rice MAPK kinase for activating the
downstream MAPK pathway involved in multiple defense responses in rice
(Fig. 4). In addition, the results of this study indicate that NtMEK2
transgenic rice plants will be a useful tool for the identification of
downstream substrates utilized by rice 48—kDa MBP kinase, which will help

understand disease resistance in rice.

Pathogenfelictors

Steroid(DEX)

Steroid-inducible
4 | promoter : NiMEK2PD
NtMER2PD protein

Substrates(?)

H,O, induction (Gene activation
HR-like cell death (OsMAPK(s), Defense-related genes)

Figure 4. A model depicting the tobacco MAPK kinase, NtMEK2, functionally
activates the rice endogenous 48—kDa MBP kinase and leads to downstream

defense responses.
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Al 3F Mitogen—activated protein kinase cascade in

signaling polyamine biosynthesis in plant

1. Introduction

The active defense mechanisms of plants against pathogens include rapid
production of reactive oxygen species, induction of rapid cell death, activation
of defense genes, and production of antimicrobial phytoalexins (Yang et al.
1997 Zhao et al. 2005). In addition, it has been reported that successful
pathogen or elicitor recognition in plants triggers activation of the
mitogen—activated protein kinase (MAPK) cascade, and two tobacco MAPKs,
SIPK and WIPK, are known to beinvolved in signaling plant defense response
to various pathogens. Recently, NtMEKZ2, a tobacco MAPK kinase that is
upstream kinase of SIPK and WIPK, was identified by the dexamethasone
(DEX)—inducible gain—of—function transgenic system. Expression of NtNEK 2P
a constitutively active mutant of NtNEKZ2, activates endogenous SIPK and
WIPK and leads to HR-like <cell death, indicating that the
NtMEK2—-SIPK/WIPK cascade controls defense responses in tobacco (Yang et
al. 2001 Jin et al. 2003). However, little is known about the downstream
target substrates or defense—related genes that are regulated by this cascade.

Polyamines in plants are involved in various physiological and
developmental processes including abiotic and biotic stress responses to
conditions such as high osmotic stress, high salinity, hypoxia, low
temperature or pH and pathogen attack (Bouchereau et al. 1999 Walters 2003).
However, the signaling pathway(s) leading to the accumulation of polyamine
under stress conditions are poorly understood. In plants, three polyamines
(putrescine, spermidine and spermine) are biosynthesized from L—arginine (via
L—ornithine) and L—methionine by a series of five interdependent enzyme
reactions (Fig. 1). The first step in polyamine biosynthesis is decarboxylation
of ornithine or arginine, which is catalyzed by orinithine— or arginine
decraboxylases (ODC or ADC), respectively, to vyield the putrescine.

Spermidine and spermine are then formed by the sequential addition of
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aminopropyl groups to putrescine and spermidine, respectively, via the activity
of spermidine synthase (SPDS) and spermine synthase (SPMS). (Smith et al.
1985; Bagni and Tassoni et al. 2001; Kusano et al. 2007). Apart from
biosynthesis, polyamines are primarily catalyzed by two amine oxidases,
diamine oxidase (DAO) and polyamine oxidase (PAO) (Fig. 1). DAO catalyzes
the oxidation of putresine to give pyrroline, which results in the release of
ammonia and hydrogen peroxide. In tobacco, putresine receives the methyl
group of S—adenosylmethionine (SAM) to form N—methylputresine, which is
later oxidized to pyrroline via methylputresine oxidase (MPO) (Katoh et al.
2007). The pyrroline is then further metabolized to r—aminobutyric acid
(GABA) by pyrroline dehydrogenase(Cona et al., 2006). PAO catalyzes the
conversion of spermidine and spermine using hydrogen peroxide to pyrroline
and 1—(3—aminopropyl)—pyrroline, respectively, along with 1,3—diaminopropane
in plants (Martin—Tanguy 2001; Liu et al. 2007).

Here, we report that the MAPK cascade, NtMEK2-SIPK/WIPK,
regulates polyamine synthesis through transcriptional regulation of the

biosynthetic genes in tobacco.

Ornithine Arginine
\ / ADC
Methion; Putresine s Alpyrroline*NH=—— GABA
el ionine l <PDS O H o Ao,
SAMDC

SAM =——='dcSAM __ Spermidine PAO_ Alpyrroline

2 : 13 -diaminopropane
l \l spMs OO EHO

Ethylene
Y PAO -(3-aminopropyl)- pyrroline

- 1.3-diaminopropane

Spermine

Fig. 1 Polyamine biosynthetic and catabolic pathway in plant.
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2. Materials and Methods

Plant growth and treatments

Transgenic plants were grown at 22°C in a growth room programmed
for a 14—h—light cycle. Fully expanded leaves of 5~8—week—old tobacco plants
were used for all experiments. Transgene expression was induced by
spraying or infiltrating the leaves with dexamethasone (DEX, 30 uM).
Samples for protein and RNA preparation were then collected at various times
after DEX treatment, quick—frozen in liquid nitrogen, and stored at —80°C
until use.

Five to six—week—old tobacco [N. tabacum cv. Xanthi nc (NN)] plants
were used for all treatments. The third to fifth tobacco leaves from the top
were inoculated by rubbing them with wet carborandum plus either TMV or
buffer (mock). For the salicylic acid (SA; 1 mM) and water treatments, each
solution was sprayed onto the surface of the tobacco leaves.

Protein extraction, immunoblot analysis, and in gel kinase activity assay

Total protein was extracted from the leaf tissue and stored at —80°C
until use. Protein concentration was then determined using a Bio—Rad protein
assay kit with bovine serum albumin standard. Immunoblot analysis of
Flag—tagged proteins was then conducted as described previously (Yang et al.
2001). Next, an in—gel kinase activity assay was performed using myelin
basic protein as a substrate for kinase as described previously (Yang et al.
2001).

Reverse transcription PCR

Total RNA extracted from the samples was used for the synthesis of
first—strand ¢cDNA by reverse transcriptase after DNase treatment. Reverse
transcription was then performed for 1.5 h at 42°C in a mixture with a final
reaction volume of 20ul that contained 3ugof the purified total RNA, 4ul of
5X reaction buffer, 5ul of dANTPs, 2ul of 10 uM oligo dT, 0.5ul of RNaseOUT
(40 U/ul), and 1ul of SuperScript II reverse transcriptase (200 U/ul;
Invitrogen, Carlsbad, USA). Eighty nl of ultra—purified water for PCR was
then added to the first—strand ¢cDNA to dilute it, after which it was stored at
—20°C until use. The first—strand ¢cDNA (50ng) was then used as a template

for PCR amplification, which was conducted using 12.5 pmol of each pair of
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the primers. The primer pairs are listed in Supplemental Table 1. The
RT—PCR products were then separated by gel electrophoresis on a 1.5%
agarose gel in TAE buffer and the bands were then visualized by staining

with ethidium bromide.

ACP—based DDRT—PCR

Differentially expressed genes were screened using GeneFishingTM DEG
kits (Kim et al., 2004). Briefly, second—strand cDNA synthesis was conducted
at 50°C during one cycle of first—stage PCR in a mixture with a final
reaction volume of 20pl that contained the following: 3—5ul (about 50ng) of
diluted first—strand c¢DNA, 1ul of dT—ACP2 (10uM), 1ul of 10uM arbitrary
ACP, and 10pl of 2Master Mix (Seegene, Seoul,Korea). The PCR
conditionsfor second—strand synthesis were as follows: one cycle at 94°C for
1 min, followed by 50°C for 3 min, and 72°C for 1 min. After second—strand
DNA synthesis was completed, the following protocol was used for the
second—stage PCR amplification: 40 cycles of 94°C for 40 s, 65°C for 40 s,
72°C for 40s, and a 5 min final extension at 72°C. The amplified PCR
products were then separated by electrophoreses in a2% agarose gel, stained
with ethidium bromide and cloned into a pGEM T Easy cloning vector. The

cloned plasmids were then sequenced.

Polyamine analysis

Samples of plant material were powdered with liquid nitrogen using
pre—cooled mortars and pestles. The polyamines were then extracted by
homogenizing the powdered plant samples with 5 % cold perchloric acid
(PCA, v/v) at a ratio of 100 mg fresh mass as described by Tiburcio et al.
(1985) and Marcé et al. (1995). The homogenates were then incubated in an
ice bath for 30 min, after which they were centrifuged at 27,000 x g for 20
min. The pellet was then resuspended with an equal volume of 1 M NaOH.
Next, aliquots (200ul) of the suspension were mixed with an equal volume of
12 M HCI in a reflux glass vial and heated to 110 °C for 16 to 18 hr. The
samples were then filtered through glasswool (to eliminate carbonized
material) and dried under a vacuum. Next, the dried material was
resuspended in 5 % PCA (200nl). Finally, the following three fractions were
obtained: the non—hydrolysed PCA supernatant (S: free polyamines), the
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hydrolysed PCA supernatant (SH: polyamines liberated from the PCA—soluble
conjugates) and the hydrolyzed pellet (PH: polyamines liberated from the
PCA—insoluble conjugates). Dansylation of the polyamines was then conducted
using the method described by Marcé et al (1995), with some modifications.
Briefly, aliquots (200ul) of the S, SH and PH fractions were mixed with 400
nl of dansyl chloride (5mg/ml in acetone) and 200pl of a saturated Nas,COs;
solution to produce an alkaline condition. The samples were then vortexed for
5 min, after which, they wereincubated in a darkroom for 1 hr at 60°C. The
reaction was then stopped by the addition of 100ul of a proline solution (100
mg/ml in H:0) followed by incubation for 30 min in a darkroom. The
dansylated polyamines in the supernatant were then extracted from the
alkaline solution by adding 500ul of toluene and vortexing intensively for 30s.
Next, the dansylamines were separated on a TLC plate using 4:1 (V/V)

chloroform/triethylamine as the developing solvent (Tiburcio et al. 1985).

3. Results and Discussion

The selection of NtNEK2"® and NtNEK2XF transgenic plants using anin—gel
kinase assay and immunoblot analysis

The expression of NtNEK2", which is an active mutant of NtMEK2, is
known to induce multiple defense responses such as defense gene activation
and HR-like cell death (Yang et al. 2001). Therefore, NtNEK2" and
NtNEK2*® tobacco transgenic plants were used to identify the downstream
effectors mediated by the NtMEK2-SIPK/WIPK cascade (Jin et al. 2003).
Transgene inducibility in T; transgenic plants was examined by treating
detached leaves with dexamethasone (DEX, 30 uM). NtNEK2"" transgenic
plants showed HR-—like cell death 24h after DEX treatment. Because
transgenic plants containing an inactive mutant of NtMEK2, NtNEKZKR, did
not show HR-—like cell death, NtNEK 2KF transgenic plants was evaluated by
immunoblot analysis using anti—Flag antibody against a Flag tag attached to
the N—terminus of the transgene. Based on the results of the immunoblot
analysis, the NtNEK2P® —5 line and NtNEK2*® —3 line were selected for
further study.

A detailed time—course analysis conducted on the selected transgenic
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oPb transgene at the protein level at

plants revealed expression of the NtNEK
3h, 8h and 24h after DEX treatment, whereas the NtNEK 288 transgene was
only detected at 8h and 24h after DEX treatment. The activation of NtMEK2
in selected transgenic plants was then evaluated by an in—gel kinase assay
using myelin basic protein (MBP) as a substrate. As shown in Fig. 2A,
endogenous SIPK and WIPK activations only occurred in the NtNEK 2P

plants.

Isolation of differentially expressed genes (DEGs) mediated by the
NtMEK2—-SIPK/WIPK cascade using DDRT—PCR

The ACP-—based differential display reverse transcription polymerase
chain reaction (DDRT—PCR) technique, which has been used to identify
differentially expressed genes (DEGs) in several organisms, was used to
screen for downstream effectors or defense genes mediated by the
NtMEK2—SIPK/WIPK cascade in NtNEK2"” transgenic tobacco. DDRT—PCR
technique 1s employed for its special primers which specifically anneal to the
template for amplifying only genuine products and eliminating false—positive
products (Hwang et al. 2003 Kim et al. 2004).

Ten DEGs were identified in the total RNA of NtNEK2"P transgenic
tobacco plants using 40 arbitrary ACP primers. Sequence analysis of the PCR
products conducted using the basic local alignment search tool (BLAST)
revealed that 8 of the 10 DEGs were involved in plant defense response (data
not shown). As shown in Figure 2B, the differentially expressed ¢cDNA band
was identified as arginine decarboxylase (ADC). In addition, the activation of
SIPK and WIPK by NtNEK2"™ was able to regulate other DEGs including
3—hydroxy—3—methylglutaryl CoA reductase (HMGR), Pathogenesis—related
protein (PR—1b), pepsin A, universal stress protein (USP), and biotic cell
death—associated protein gene, etc. These results areconsistent with previous
studies that demonstrated that activation of SIPK and WIPK by NtNEK2PP
leads to the induction of HMGR and Osmotin, PR—1a, PR—1b, PR—2b, and
PR—3b in tobacco (Yang et al.,, 2001, Kim and Zhang, 2004).

Induction of NtNEK2°P expression leads to the activation of polyamine

biosynthetic and oxidase genes

Polyamines are involved in various physiological and developmental
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processes in plants including abiotic and biotic stress responses to
conductions such as high salt, hypoxia, low temperature or pH and pathogen
attack (Bouchereau et al. 1999 Walters 2003). However, the signaling
pathway(s) that lead to the accumulation of polyamines under stress
conditions are poorly understood. Therefore, the expression of six polyamine
related genes, arginine decarboxylase (ADC), ornithine decarboxylase (ODC),
spermidine synthase (SPDS), polyamine oxidase (PAO), methylputrescine
oxidasel (MPO1), methylputrescine oxidase2 (MPO2), in NtNEK2" and
NtNEK 2K} transgenic tobacco plants was compared to determine if the MAPK
cascade was involved in the production or degradation of polyamines (Fig.
2C). The 18s rRNA, housekeeping gene was used as a control. NtNEK2PP
transgenic plants exhibited a significant increase in ADC, ODC and MPO1
transcript levels at 8h and 24h after SIPK/WIPK activation when compared
with NtNEK2X® plants. In addition, the MPO2 gene was slightly induced, but
the PAO and SPDS genes were slightly reducedin NtNEK2PP transgenic
plants after SIPK/WIPK activation. In support of our findings in tobacco, the
expression of ADC1 and ADC2 in NtNEK2™ transgenic Arabidopsis was
rapidly induced after DEX treatment. Furthermore, the expression of these
genes was partially compromised in NtNEK2""/mpk3 and NtNEK2"/mpk6
mutants following DEX treatment, suggesting the requirement of downstream
MAPKs in the gain—of—function MAPKK transgenic plants (Jang et al. in
preparation). Taken together, these data indicate that the
NtMEK2—-SIPK/WIPK MAPK cascade regulates the putresine biosynthetic

genes in tobacco.



NtMEK 2D NMEK2ER
A 0 3 8 24 0 3 8 24 Hr+DEX

Anti— Fl a SLA g 2l o ‘,!‘
J] e A [
IB assay | " ¥

A e . STPE
In-gel kinase
assay i l WITK

NtMEK?2DD

L] 3 3 24 Hr +DEX

Hr + DEX

ADC (25)

oDC (25)

SPDS (25)

PAQ (35)

MPOI (35)

MPO2 (35)

Figure 2 185 IRNA (35)

Fig. 2 ACP—based DDRT—PCR and RT—PCR analysis of transgenic NtNEK2"P
and NtNEK2"" tobacco plants. (A) Transgenic NtNEK2"” and NtNEK2**
tobacco plants were treated with DEX (30 uM) and the levels of NtMEK2
expression were then determined by immunoblot analysis using anti—Flag
antibody (Upper). In addition, the endogenous SIPK and WIPK activities were
detected using an in—gel kinase assay with MBP as the substrate (Lower).
(B) ACP—based DDRT—PCR analysis of NtNEK2PP tobacco transgenic plants.

The arrow indicates a cDNA fragment that was identified as arginine



decarboxylase (ADC) through sequencing analysis (GeneBank accession No.
AF321137). (C) RT—PCR analysis of NtNEK2"” and NtNEK2"" transgenic
plants to observe the expression patterns of six polyamine biosynthetic and
oxidase enzymes in tobacco. The 18s rRNA gene was used as a positive
control to ensure the integrity of the RNA samples. The amplified cDNA
products were separated by electrophoresis in 1.5% agarose gels and then
stained with EtBr. Numbers in parentheses indicate that the number of cycles
for PCR product. The experiment was repeated three times with similar

results.

Differential expression patterns of polyamine biosynthetic genes upon SA
treatment and TMV inoculation

Salicylic acid (SA) is a defense—related signal compound and a major
regulator of plant defense reactions against pathogens in plants (Durner et al.
1997). To determine if SA, which activates SIPK (Zhang and Klessig, 1997),
induces polyamine biosynthetic genes, we treated tobacco plants were treated
with ImM SA or water and the RNA was then extracted and analyzed by
reverse transcription—PCR. As shown in Figure 3A, SA treatment resulted ina
significant increase in the expression of ADC expression after 3h of
treatment, however, the ODC and SPDS transcript levels in tobacco were not
changed by SA treatment. Taken together, these data indicate that expression
of the ADC gene is associated with the SA—mediated defense response.

The NtMEK2—-SIPK/WIPK cascade in tobacco carrying the N resistance
gene is activated by the tobacco mosaic virus (TMV) (Zhang and Klessig
1998; Jin et al. 2003). As a result, we also examined the expression of
polyamine biosynthetic genes in TMV-—infected plants. RNA was extracted
from tobacco leaves that had been inoculated with TMV or buffer. RT—PCR
analysis was then conducted to determine if the polyamine biosynthetic genes
(ADC, ODC, and SPDS) were involved in the N gene—mediated resistance
response (Fig. 3B). Expression of the ODC gene was strongly induced
between the first and third day following TMV-—inoculation of the
TMV —resistant tobacco. However, the ADC and SPDS genes were slightly
induced following TMV inoculation. Interestingly, although ADC expression

was strongly induced by SA, ODC expression was more strongly induced by
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TMYV inoculation (Fig. 3A and 3B). These results are consistent with a study
conducted by Yoo et al. (2004), in which the CaODC1 gene was specifically
induced during TMV mediated but SA—independent resistant response. These
results indicate that the ODC gene is associated with the N gene—mediated

resistance response.

Water SA
0 3 § 24 48 0 3 8 24 48 hpt

ADC (30)

oDC (30)

SPDS (30)

188 rRNA (30)

days

ADC (32)

obC (32)

SPDS (32)

13S rRNA (32)

Fig. 3 RT—PCR analysis to evaluate the expression pattern of polyamine
biosynthetic enzymes in tobacco leaves that were (A) subjected to SA
treatment or (B) TMYV inoculation. Five to 6—week—old tobacco plants were
sprayed with or without 1mM SA. Leaf discs were taken at the indicated
times in hr posttreatment (hpt). For TMV incoculation (Ul strain, lug/ml in
10mM sodium phosphate buffer, pH 7.0), tobacco plants carrying the N

resistance gene [N. tabacum cv. Xanthi nc (NN)] were infected with TMV or



buffer only (mock) and then maintained at 30°C for 48 h. Discs from the
infected leaves were then collected at the indicated times after the plants
were shifted back to 25°C. Leaf samples were harvested at the indicated
times and their total RNA was then isolated and analyzed by RT—PCR. The
18s rRNA gene was used as a control to confirm the integrity of the RNA
samples. The amplified ¢cDNA products were separated by electrophoresis on
1.5% agarose gels and then stained with EtBr. Numbers in parentheses
indicate that the number of cycles for PCR product. The experiment was

repeated two times with similar results.

Production of putrescine and spermine in NtNEK2PP transgenic plantsafter
DEX treatment

Because the NtMEK2—-SIPK/WIPK MAPK cascade was found to regulate
polyamine biosynthetic genes in tobacco (Fig. 2C), polyamine from NtNEK2PP
and NtNEK2"F transgenic tobacco plants was extracted before and after DEX
treatment and then separated by TLC analysis. The fluorescent spots were
then visualized under UV exposure and those corresponding to putresine,
spermidine and spermine were I1dentified by comparison with dansylated
standards (Fig. 4). The NtNEK2"" transgenic plants were found to have a
significantly higher putrescine content than the NtNEK 2K} plants within 24h
after SIPK/WIPK activation. In addition, the spermine in the NtNEK2"" plants
was slightly higher than that of the NtNEK2*® within 24h after STPK/WIPK
activation (Fig. 4). It has been shown that transgenic rice plants that express
ADC produce a much higher level of putresine under drought stress than
wild type plants, which in turn leads tohigher levels of spermidine and/or
spermine and improved drought tolerance (Capell et al. 2004). In addition,
barley leaves infected with powdery mildew have been found to contain
increased levels of polyamines and exhibit increased ADC or ODC expression
(Walters 1985). Furthermore, the free and conjugated putrescine and
spermidine contents were found to be high in TMVinfected tobacco plants in
necrotic areas (Torrigiani 1997). Taken together these results suggest that the
pathogen—responsive MAPK cascade, NtMEK2—-SIPK/WIPK, regulates the

synthesis of polyamines, especially putresine, in tobacco.
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Fig. 4 Elevated putresine and spermine levels in NtNEK 2"P transgenic

plantsafter DEX treatment. Leaf discs were collected 0 and 24h after DEX (30
uM) treatment of NtNEK2"” and NtNEK2® transgenic plants. Three different
dansyled polyamines were then separated and evaluated by thin—layer
chromatography (TLC) after being developed using a chloroform/triethylamine
solvent system (4:1, v/v) with polyamine standards that included putresin,
spermidine, and spermine. The experiment was repeated three times with

similar results.
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Figure 5 shows the proposed plant defense pathway triggered by
pathogens (elicitors) or abiotic stresses (sensors) via the
NtMEK2—-SIPK/WIPK MAPK cascade, which leads to polyamine biosynthesis.
In this study, the ADC gene was isolated using ACP— based DDRT—-PCR and
are  currently studied to evaluate their relationship with the
NtMEK2—SIPK/WIPK pathway. NtNEK2" transgenic plants exhibited a
significantly greater amount of putrescine, but only slightly more spermine
than NtNEK2"" plants within 24h after SIPK/WIPK activation. Taken
together, these data suggest that most of the induced putrescine might be
degraded through MPO1 and MPOZ2 pathway and only a small amount of
putrescine isconverted into spermine. Based on the results of this study, the
MAPK cascade, NtMEK2—-SIPK/WIPK, regulates polyamine synthesis in
tobacco via transcriptional regulation of polyamine biosynthetic genes such as
ADC and ODC.

In future studies, the substrate(s) utilized by SIPK/WIPK should be
identified so that the mechanism underlying the accumulation of putresine
during SIPK/WIPK activationcan be better understood.

Pathogen/elictors Ahiotic stresses
< Sensors(t) >

w Steroid{(DEX)
- l

Steroid-inducible
’ promoter : NeMEXK2DD

substrate(?)

|

Puiresine / Spermine

Fig. 5 A model depicting the involvement of the NtMEK2-SIPK/WIPK

cascade in regulation of polyamine biosynthetic genes in plants.
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- for the construction of RD29B, upstream

5'-GTGAAGATGACTATCTCGGTGGTC—-3' and downstream
5'=-GCCTAACTCTCCGGTGTAACCTAG-3'

- for the construction of RD29A, upstream
5'—-GATAACGTTGGAGGAAGAGTCGGC—-3' and downstream
5'-=CAGCTCAGCTCCTGATTCACTACC-3'

- for the construction of RD22, upstream
5'-ACGTAGGAGTCGGTAAAG—-3"'and downstream
5'-=CGAACCAAGTCCTTCTCCAA-3'

- for the construction of ERD15, upstream
5'-CCAGCGAAATGGGGAAACC-3' and downstream

5'-ACAAAGGTACAGTGGTGGC-3'

- for the construction of HXK1 (At4g29130), upstream
5'—-ATGGGTAAAGTAGCTGTTGGAGCG—3' and downstream 5'—
TTAAGAGTCTTCAAGGTAGAGAGA-3'.

Total RNA (2 png) was used in a first—strand reaction containing
oligo—p(dT)15 primer and SuperScript II reverse transcriptase (Invitrogen,
Gaithersburg, MD) in a total volume of 20 ulL. The mixture was incubated at
42 °C for 60 min. Two microliters of the reaction mixture were then used in
a 50 uL—PCR containing 200 ng of each primer and 1 U Taq polymerase
(Invitrogen, Gaithersburg, MD). The following conditions were used: 35 cycles
of 30 sec at 94 oC, 30 sec at 55 oC, and 1 min at 72 oC.

v}, RNA gel blot 41

sl

RNA gel blot ¥4 A3L& FAEAZEEH total RNAE FEF3 1, FF
RNAE formaldehyde’} E£3tH 1.2 % (w/v) agarose gel electrophoresis®l] 23l
B o)A & positively charged nylon membranes (Roche, Indianapolis, IN)
© 2 transferd}$ith. Hybridizationand washes were performed under high
stringency conditions according to standard procedures, using **P—radiolabeled

probes.
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7}. Salt tolerance 79 (SAT79) encodes a homologue of E. coli Bol A protein

3 WA FRAAES d=er] Y5kl &4 SAE5FEH cDNA libraryE A2+
5, yeast screemng° 23 A UA SARSS wdzedh, Ha® Azt
SAT79 S22 control yeast cell Rt 8] 2Ed 2o d&] WAS fF=
Ak w2l E SAT79 FxAk= partial cDNAo|low EA7FA] 7|5 0] ¥~

&2 Arabidopsis unknown A=} (AtSAT79)e] C—terminal &3} 60 %2
=2 AEAE Bt (1™ 1), ASAT79 3= dHAEE AtoldA
conserveddtAl EA8k= Bol A @ d 3 wj-¢- fFAelow o5 @l A S E.
coli & R4 UV ~E# 2, DNA damage response ¥ nutrient stressol

| Aot HaFEolA $kvh. T3k Bol A domaine AlE A7 E EoFo] T
g Adeds & JoR FAHH a1 Ut

SAT?S ————— FVI ISR ALALPCS
AtSAT?R MAQTLMEATTRP A Rl

MAGL LIgHR FSEle

SAT7O
ALSAT79 YG&R ——————
SAT?S
ALSAT?H
AtSAT79
1 = 40 &0 an 100 120 140 160 177
L | ] | | | | | | ]
I 1. S5 SAT799 AtSAT79 fazke] opu|iib A d vlal, ofu] =it A
&g H]ul+= ExPASy Proteomics Server (http://cn.expasy.org) L2 13:S o] &3}
oIt}
A .

1}, Expression of AtSAT79 gene after salt treatment
Arabidopsis 2 E Ao 335 ~EHAE A7 3 T AtSAT79 °X47<}9] RNA H

A AuH7] 93] RT-PCRS E3& AtSAT79 probeE A ZFsl & Northern
TS AASY. 9" 2004 YEFRETo] AtSAT79 Ao AAEL A3
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2] 3 0.5 AIZF who] Z7}E O] peakE o] FUow, 9 A|ZF o] Fo= slightly
[e3]

AAFFo] 7FAadHS oF 4= 2t o]Ed RNA gel blot 23 EAS E3)
AtSAT79 A= A8l 2Ed 2z g8 vbgstes FaAdS & 5 AdAh

0 0.5 1 3 6 9 (hrs)
AtSAT79 T Mme was® R e Q
RD294 S ——

L &

Aol As] ~ET
&= AL T4 I
0 — 9 AIZES A E
.]

A1l Northern &4

1>
i

a2, A8 A7 F ASAT79 F12e AAF 4 vl
25 A2 g ¥, Northernol| 93t AtSAT79 A2 3
& &, 74% Arabidopsis 2 &l 125 mM NaCl &9
3. RD29AE= &l A elel 3k control A= &d

P**—labeled probesE ©]£3}903 Ethidium bromide—stained rRNAs:
loading control® AF&E o] 3

g
>

Meowo ¢

t}. Overexpression of AtSAT79 confers salt stress tolerance to Arabidopsis

AtSAT799] 71%S A r 7] ¢38te], 35S promoterE o] &3+ AtSAT79 Frjuat
A FAHSAE A st T3 Mo A 22 /9] A= & homozygous &
ARASS AR T Z 2 lines (35S ASAT79—7 2 355:AtSAT79—15)
TS VA AL 2EF 2 gk 138F #A4 AdS AT (2E 3A). o] gh
AtSAT79 s FAASAEL normal conditionol A wild—typed}e] A4+

9 owgs v B A9 Aol 7h UA L)



WT AtSAT79-7  AtSAT79-15

mwWT
| 790X

Root Length (mm}
&

100mM NaCl 1256mM NaCl

100 mM NaCl

a9 3. FEl=Ed e st AtSAT79 FHohdd JFAATAES A& Ul &
A1, (A) Expression levels of MBF1la in wild—type (WT) and transgenic lines
(35S::AtSAT79—7 2 35S::AtSAT79—15) determined by RNA gel blot analysis.
Ethidium bromide—stained rRNAs were used as a loading control (bottom
section). (B) Elevated salt tolerance in AtSAT79—overexpressing Arabidopsis
(79-70X). Six—day—old Arabidopsis seedlings with 10—mm roots were
transferred from vertical agar plates to plates supplemented with or without
100 mM NaCl and allowed to grow upside down for seven days. The
photograph shows that 79—70X seedling has better primary root development
than the wild—type (WT) under salt stress. (C) Primary root elongation of
790X and wild—type seedlings was measured to quantify NaCl sensitivity.
Data shown are primary root elongation measurements 10 days after the
transfer to the NaCl plates. Values shown are means of data from three
independent experiments (n = 50 each); error bars indicate standard

deviations.

3 WS wAE] Hsted 6 ¥
AZE 100 mM NaCl
o (23 3B ¥ O).
7} 790X P A FHA|

AtSAT79 Frjdtd FAAIA S
wild—typed} AtSAT79 ¥rhard] o
MS A& A2 £ 4 4 5 By G do)lE ZAFSIS

i
(RN
riet
3
{e)
o)
e
4 ¢
1>

2

i da)



£°] 100 mM NaCl &% 3lellA 2 5He] E
wild—type 2] A% dol= 7 dutd JAA@AE] e G Aol v

3 75 % H]HPOH =T (29 3C). 23y 125 mM NaCl 5% gHlA =

WT B @Ad8A 7o) F38 Afol= & & gl (2" 3C). o]2]g dHlolH

= AtSAT79 #opdd JFAHIMAES A3l sxol wet vh&stes WA d=7t

s & 5 AT 53, ojgs Axe 2EdHx WA fFxEe] A e

Fge] o7t A THEAdE AAgT ol#d e AdS 2AFsH] flske] sl

2~E# 2, dehydration s—l cold/ABAZE#| 2~ Wbg A YA F3d2F, RD29A,
n

H
% RNA gel blot #2418 2 A3}
S A7t Northern ¥4 A3,
wi

ild—type ®R.t}= AtSAT79 ¥

RD22, ERD15, RD29B 32, & 2243

o (19 4). 7 4ol A L}E}‘a‘fﬂ Al *

RD29A, RD22, ¥ RD29B A x}e] HA} G=5=0]

e FAHIFAEAA U 9 el FAES & F Ak oy An=

AtSAT79 A= oldst 2Ed 2~ g FAAES 24TS & F AATh

53] ERD15 A= AtSAT79 Hohdrd FAAZAEANA 2 A 1 AzF &
% = 9

AAEFol HUl peak® fFi¥ol 1 & vz TAES ¢ 4 dAvh =5 ERDIS
FAA B3 AFo] AFgEU Y dehydration ¥HS ARG E O E x4 )%
o2 2HEES AT}
WT 79-70X
0 1 3 6 9 12h 0 1 3 6 9 12h

ERDIS . e s - s - o e
kD294 . e e - e

Ro298 - -

12l 4. Expression of stress—regulated genes in 35S::AtSAT79—-7 (79—-70X)
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plants. RNA levels of dehydration— and drought—regulated genes were
determined by Northern hybridization wusing total RNA isolated from
2—week—old seedlings. For the salt treatment, the plant roots were submerged
in 125 mM NaCl for 0—12 h with gentle shaking. Ethidium bromide—stained
rRNAs were used as a loading control (bottom section).

2}. Arabidopsis plants overexpressing AtSAT79 show increased insensitivity
to sucrose

AtSAT79 Zoprd FAASA (79-70X) 59 Dol digh Bl AF wgS do}
17 $l5ko], Xi%E sucrose (Suc) stollA g 2 F= 5, ] dol& xALEHS]
| = 2 501]/\1 BoF50] 0, 0.1 H 0.2 % Suc &% stoll 4] WT ¥ 79-70X
21 Z A 9] el dol= & Aot vA &= Wk, 0.3, 0.4 2 0.5 % Suc % 3
ol &= AtSAT79 Fohdtd A ASHA 9 primary root7} WT Bt ¢ dojde
& 4= A (28 5B). o83k Ay= AtSAT79 A A7} sucrose—triggered
developmental root growth #Ao] H Q3 QxS waf=r},

rulru (L

A B

WT 79-70X WT

79-7T0X WT OX

37 ——uT
—8—79-70X

Root Length(mm)

0 01 02 03 04 05
Sucrose Concentration(%)

0.3% Suc

a9 5. AtSAT79 Fopdd FAASIAZEE sucrosed] thek Be] o] FAL
(A) Transgenic lines overexpressing AtSAT79 were germinated on MS agar
medium (0% sucrose) or MS agar supplemented with 0.1, 0.2, 0.3, 0.4 and 0.5
% Suc and grown for 2 weeks. Representative lines 35S::AtSAT79 (79—-70X)

is shown next to wild—type (WT) data. (B) Sucrose effect on primary root

70



length. Seeds were germinated on MS medium without or with 0.1, 0.2, 0.3,
0.4 and 0.5 % Suc for 2 weeks, and root length were measured (triplicates, n

= 100 each). Error bars represent standard deviations.

AtSAT79 A A7}F carbohydrate transporter (CT)¢F B o] dE=%] Northerns
Fstlth. 19 604 Kol FZo], sucroseE: A oA %= Wl AtSATT79
Fopdd JAASA (79-90X)ol 4] CT gene transcript 9Fo] ¢kzF 7+4gS
Z g ¢ k. o)yd AEES  ArabidopsisolA]  AtSAT79  H-AA}7}
sucrose—triggered Ao Q3 QA IS T

WT 79-70X

Suc + - + =

i -

rRNA _

a3 6. Sucrose # 8 A - 3, carbohydrate transporter (CT) & xFe] AA} 9
AF \]al, Sucrose’t A7 E A ZFe AE MS H|XA], =& 2% sucrose’} H7FE
MS wj#lol Fx} 9% 3 2 F¥ Arabidopsis A EAZH-E total RNAS F
%3192, Northern ®4< P —labeled probesE ©]€3¢)3 Ethidium

bromide—stained rRNAs+¥ loading control® A& % o] %l

ul, AtSAT79 §AAe] HNEY ¢ &

AtSAT79 g o] Al A& FAst7] st EGFPE ©]&3 34 dgHA)
S A &, 7 &F GAdS F9383 3, Confocal microscopys ©]-8-31¢]
AtSAT79 @izl Azl A& @43ttt EGFPAtISAT 79 A 3HA <
e AEE AR AR, a7 7oA HoFRe], AtSAT 79 A2 A E A

xdal



EGFP B/W Merge

EGFP::AtSATT9

i=]
RN

<{

% 7. EGFPUAtSAT 79 JAMZAZHEH AtSAT79 @z o] M 9%
A Z2A 3E F 7 AR EGFPAtSAT 79 FAA3A e A o3

3. A&
7}. Salt tolerance 79 (SAT79) A= AtSAT79 -+ 22} homolog 9.

Yeast screenings &3 2= ds] A FAAF partial cDNA SAT79 &2
A 7R 750 B A A Arabidopsis unknown FdAF (AtSAT79)¢]

(o3
=)
C—terminal ¥%3 60 %2 =& A=A S BT
U AtSAT79 582 e 2Ed 2z B3] wsats fd4 9.

AtSAT79 2] AL el A & 0.5 AlZE gholl F7F5 o] peakE o] F
dom, 9 AJZF o] F o= slightly AAFFEo] 7ZHA%HS & 4= Rt} o]8 3 RNA
28 Ea AtSAT79 FAAE 9 ey 2o e wkes=

AN

i

gel blot 23
AL S &

°

&

o}. AtSAT79 Fohd&d-& Arabidopsisoll A 3] WS =3

3l WS BHSY fstel, el A F e 4F LolE AR An

AtSAT79 ZFhd dAATAE0] 100 mM NaCl % 3ol A wild—type RH.th
A4 o] Holds o = vk I wild—type ¥l A Aol i
H

FAAGRA S e A dojol s 75 % mve] =gaEkdch ey 125
NaCl % atellAe WT 2 FAHSA 7he] F3g 2ol & 4 AT

o3

=

&
ol#13t HolH & AtSAT79 Hrphdd FAAFAES Fdl F=o weh vt

an



W A= bdess & 0ok

k. AtSAT79 s FAASTAE2 sucroseol| thal v A 9.

AtSAT79 Foptd HAHMSA S ol tish el AH 1ke-S dolrr] 9s}
o], A% sucrose (Suc) dollA g Zol= Z’:/\}E}‘}iq O, 0.1 @ 0.2 % Suc
5 3o A WT @ AtSAT79 oy ~ = i}om 1=

7<] %= ¥bH 0.3, 0.4 2 0.5 % Suc &% 3ol A &l
°] primary rootZt WT =T} © HAoRE & & AT 0131‘} A=
AtSAT79 F+3-A7F sucrose—triggered developmental root growt
A e waF,

=
i
o
2
e
fo

vl AtSAT79 ©alde Ao EA) s

AtSAT79 @A o] A XU $IXE gAst7] 9ste] EGFPAtSAT 79 A3
Ao e MEE AWE Az AtSAT 79 @9 Ao A xzdo| xETS °
(o) Koz

AN AN

=
d

1:1{0

oA ek dHolHES A3 B o, AxAe EASE AtSAT79E
sucrose—response signal transduction pathwayol] T&Esle] & AE#H 2] o
sk A ZHE ke ALEE 4 ' FAAYS AJAFSHO

B!



A5 A WA wHAe] B FAAE AA A4

1. A

FAHE W 7edFY ofEe2 ¥ ZAAG E FAAS T])&o]
2 AE aFger FHAAe s duxstEd B Aol wEa
mebaA] el Al FAAZS e 2wl wgFrtel] i callus ¥
A AlEA A &8, GRS gEsta tYdst A A WS A%
3 B Zavt vk W FAAZ | T2 o] &%= Agrobacterium w7l A A g
W& Agrobacterium tumefaciens\t Agrobacterium rhizogenes®| +&HHAAE
R %%HH‘*

EFstE FHA SHAE =93 AE HAAAY callus 29
(cocultivation) &2 A& AX9 HAZIAS FEgtt) o] & JAXIH AE
S-E 7@ Aoy AAEEAY dRE A g
AR 7 A ek A& FH g o= AEA A A8 =1
71807 3}l Agrobacterium™ A& AAA L} cllusebe]l HFol oA H
EANTYY Agrobacterium® %, F5ul% 7%y, Agrobacterium® Virulence%
Zu)8t= acetosyringone® ¥, 18|31 Agrobacterium®™ FRAASuLA o] =
PFAAZ Gl FFS A= o= OL?}]X% Utk o9} ol fi%@
Aeixes A=A A48 2 dHdH2 13
HA37F AA|HofoF gt o]F npEoR

2 i
Vh A 359 5 slen ATAes AEE AL 3o

A A% 2127 (transgenic plant)
S)J\ A

tlo

°

2l
r i
mlo

—D‘C&',l:QFEZ‘

Y0 Y O oft off
Mo L 1o g
N

. %
g

2. 7L 2 A3
7V, ¥ ZAE2ERE callus A 9 callus stock 4|
HFAABS 93 289 Callus FEoll = 2mg/Le] 2,4-D7} E3HE 2N6
HHﬂgr N6vj#] F7}A] F79 x| & AF&etlon, 1 A3 2mg/Le 2,4-D7}
o 2,4—-D7} ¥3FEl 2N68] ] ol A
iE‘r E—%O] gAdstg o, A w3 ywe w3ds W FAd3 GAS BoF
o}, o] & Y 9] A &A1 FAE #Jg vX(N6CI vjA]) =2 A}-&-3FStH(Table 1).
gy Ao B3t JAAEDFF, w7 Y FE4S D od vt
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N

Z=xqo7 27} w5 ASHA el SH(vitrification)E ¥R ofy e}, AW strt
FePEo] o o] FAAS AFEE g fl= AHlol o2 olE &35}
Yot WHorw W AFgAME WFHEHH|YY  sealing film (Whatman) thAl
ow, 1 A¥ frelst 2 AWstEo] dA

st & Azx" HA o AeyAES AT
i

micropore sealing tape (3M)<S A}-g3}
3 ZAFNS ¥ ol g 2Y

F gt (39 D, 9% A4 2ol AexE Adste] FAAT o] g8
Sste] W Aol AYAE 3F Ao BAF 24 A WA A
oy el FAFORM ol F o mE Hg Agadt

el =

=

Al micropore sealing tape (o}# 1

a9 1. wEEH Y 9] sealing film (1 Z2¥H) o
2)S AbEste] e~ E {7 2 S2% A3

laYa)



X 1. Agrobacterium 2 78] 2~9} Alx o] Ao A3 vjx] FA

Culture medium

Composition

Agrobacterium
culture(ABKR)

K:HPO, 3g17', NaH:PO, 1g17', NH,CI 1g17",
MgS047H.0 0.3g17!, KCI 0.15g17", CaCly 10mgl ™",
FeS047H:0 2.5mgl ! glucose 5g17!, agar 15g17},
Kanamycin 25mgl~", Rifampicin 10mgl™"

Callus induction
and propagation
(N6CD

N6 salt 3.96g1!, casamino acids 1gl7?,
sucrose 30g17!, 2,4-D 2mgl1”", phytagel 3g1”’

Agrobacterium
infection(AAM)

KCl 2.95g17", CaCl.2H:0 15mgl™!, MgS0,7H.0 0.5g17",
NaHsPO, 56mgl™!, MnSO,4H,O 10mgl™', HsBO; 3mgl ',
7ZnSO,7H;0  2mgl™, KI  0.75mgl™',  Na:MoO,2H,0
0.25mg1™", CuS045H20 0.038mgl™!, CoCl:6H20 0.025mgl ™",
glutamine 0.44g1°!, aspartic acid 0.13gl’!, arginine
0.14g17", glycine 0.038g1l”', nicotinic acid 0.5mgl™’,
pyridoxine 0.5mgl™!, thiamine HCI 0.1mgl™!, NasEDTA
37.3mgl™!, FeSO,7H,0 27.85mgl™!, myo-inositol 100mgl™,
casamino acids 0.5g17!, sucrose 68.5g17", glucose 36g17",
acetosyringone 100uM

Co-—cultivation
(N6CO)

N6 salt 3.96g17!, casamino acids 1g17!, sucrose 30gl’},
glucose 10g1™!, 24-D 2mgl™!, acetosyringone 100uM,
phytagel 3g17}

Callus Selection
(N6CS)

N6 salt 3.96g17!, casamino acids 1g1”', sucrose 30gl7},
2,4-D 2mgl17!, cefotaxime sodium 250mg17},
phosphinotricin 6mg171, hygromycin 50mg171, phytagel
3g1”!

N6 salt 3.96g17!, casamino acids 2g1”', sucrose 30gl7},

Embryogenic sorbitol 30g1™!, 2,4-D 1mgl™!, 6-benzyladenine 0.5mgl’,
callus cefotaxime sodium 250mgl”!, phosphinotricin 6mgl™
i ion(N6PR . - T ’
induction(N6PR) hygromycin 50mgl 1, phytagel 3g1 !
Plant MS salt 4.4gl”!, casamino acids 2gl”', sucrose 30gl’},
. sorbitol 20g17}, 6-benzyladenine 0.5mgl?,
Regeneration . . ) . .
and naphthaleneacetic acid 1lmgl -, cefotaxime sodium

rooting(MSR)

250mgl”!, phosphinotricin 6mgl”!, hygromycin 50mgl?,
phytagel 3g17}




. Agrobacterium & ©]£3% W] FH M3

oft

GAAZ o AM&SE Agrobacteriume - AAZE AdE WEHE gH35
Agrobacterium tumefaciens LBA44047} AY8-E AT}, Agrobacteriums A 7}
3t AB plate BI#(ABKR)oIA 28°C, =7 slollA 3UzF wigst F, o] =
100uM<®] Acetosyringone®] F-F-¥ AAM HIX| (3 1)9lA ODegoo #k 1.57F H =5
s|Mete] o Aejso A Tl Skqlth FA S o] &3 e A A
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Hatglvt, Ao A 2 = hptrAd Aol HolH o #Hgs
phosphinotricin(PPT)3} hygromycin & &&F°]™, 242 6mg/L, 50mg/Le &%
7} e x2gste] wiAlel Hubekivh. AF A PPT WS AWubAR AL
Aol AL Ao AEELS oF 90.29%F w9 =4 VEFe ™ hygromycin
T AERbAR ARG AE Y A, A2 AEES of 42.1%% YERTH
HbH | PPTe} hygromycings Zgste] &gt A3 oA Ay AEELS
28.6%% @AA3] FFaw o] yvErETh o]y g A= PPT T A 9] Az
25 A9 d¥o]l E7ksstH, E3h hygromycing GYRE
Bl PPTOF hygromycing Z3ate] AejgFozs A&3 A3
o] 7FedS HolFa Auh(E 2, 219 2). o] F, dAAl AadA
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Table 2. PPT ¢} Hygromycing ©]-&3+ #

ot

by e s A

antibiotics total callus alive resistance(%)
PPT 1,141 1,029 90.18
Hygromycin 679 286 42.12
PPT + Hygromycin 612 175 28.59

% 2. PPT9 hygromycine Z§sle] A A Ay MHo| 7H53shS HolF
a = 2

[aYal



AxE FEs7] fske] N6PR wixollA 25:3F wikdt A o] F,
A=A A MSR) Ol Althuf g sto] 25C, w3 Wk F7]&5 16:8% sto] 60uM
sl o) Bz stolA wldEdtH(E 1). MSR WA 2 $AZ AaE ok 1
dFEHR oW, o]F 1 - 257} o A ¥]‘?i ol =

ol FAHAT(LH 3). Wk ofye}, A% Fof oF
o8 {715 ey o]E 4l%7F Embryogenic
Z)EFE fF71HI des HAFATHEE 3).

e

I 3 A AYAgRY Axgo]l dAHUAM FAl BTt F71E o] HE
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Ao f7] 2 FAL 2,4-Do] JIFS AujHoz w= wbH A%
HAALe Aukzr oz Mol EFLel (cytokinin)oll o]a] o] FojX=d], B Ao A
ulz 7k 2 BAPO] o8] Alxo] Aol ksl APt BAPSY Hni A3
H AgoA HHoz AHEHIJA 2mg/LE AR o, NAA Img/Le} =3
st} Aulatodnh 7 A9 MelarRE Az FYEE oF 36.1%% UERo
W olE = 91%7) Bl A FAHEJTH(E 3, 219 3).
¥ 3. BAP 2mg/L, NAA 1mg/LolA e A% 2 #alo] A

Callus Shoots(%) Roots(%)
277 100(36.1) 91(91D)
vl FAHSA e 3 2 A3}
B E x3ste & f71E AxE ol%, A3 HejolE HW JEE 1
1: 22 Z&3k Eofol] olAsla, BAE Y FEE FXAsY oF 15749 o] &
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o] PFAAG AHEE fdAE NtMEK2™, NtMEK2®, OsMEK3"",
OsMEK3™ Z1#]31, OsMEK3™ Geln, ztzke] §axg Sxlve gdxeg 3
o, o]E Aol wel AN FEE F AolE BALh AUFder ¥
AREES Jebd NtMEK2™ 2 NtMEK2™ frdxe g8 342 4
A Tto] H]Ele] hygromycind] AAAHS zZh= A2 A o] €53
A Aol x7] ¥

-
69 FAABEA v A=

M 22 rlo 32
flo ot o ftlo
A

2

=
o2 Hol W FHAAMESE FH
hygromycinoll A& 2zt A9 3 |
deko] & AOE BRI}

o,
Y

Fo

F

Ak PBS1 3 24

A 2 BHE o] putative serine—threonine kinase$l PBS1 FdAE &
233}t PBS1 +3AA+= protein kinase = Arabidopsisol A P. syringae pv.
phaseolicola 2 H¥]2] AvrPphB @& o] AEA JAAst=d #HJY= 74
2 <d#EA 9lth. Arabidopsis EZF-E] homology ZAFE Aldste] Hof A
PBS1 %44} (GeneBank XM_465954)& S 2'33te] JAAR vloA] o] {Fx7

o wd FL e sk

laYa)



l

A

=Zz4 1 7}

2o

A}

A6 2 AR He W TFAZA

—

NI
jn

el

Bj8

ATt el A

2 Py

2. A8

23]

oy

)

5t

[<]

Far o

S

UES

3}
=

=

Sk
=

Sy

1
N—P305—K,0 = 24—8—-12(kg/10a) =

e}
RS

5

o

A el oHA +

o

o] Aule

I =AW (Magnaporthe grisea)o| U
A4Ae] 50%e FHI= IF

B

T35 3693} 459 0] At

w

3] homozygous7}

S

boic, 5

1<

olHMAL (04 97FA)E ZA}

=g

1

W (Xanthomonas oryzae pv. orzae)2] AelwkAo] u}

=

Al71ell B9 S

o}

Nd

o
s

=K

Aol B A

la¥a)

B we FAADA SAFH fETEA



7} BAAS W =G wRAe 44 L AAvEY AFA

RELg A [}

e

2+ AA

W =g Wiy H2A Addy JAAMA 8AE (J1-51, J1-52,
ACC—7, ACC—15, ACC—19, ACC—27, GolS—105, GolS—136) 25 o|HAE (7-9)&
Bl mok PAAZ wWE EAoA #Hd AuisiHA wHIAUAvEEUA

(Xanthomonas oryzae pv. orzae)2] AALA| wE xa HAAS ZAsE 23

| WHbAA S 3.6%2 31
o MuA £ A3E yellon, 1 9] 7AER s ET My A go] of
T ANSTS S AJT (F D). 28y FAEIA G gz s3] A9A
o2 wWAdutEH YA (Xanthomonas oryzae pv. orzae) K3 719 =L 3+
T AAES s 2 Ay FJAHIAAAAE X vl F xfo]glo] o H
A gdg & Al (29 1).

=2 U a 3T -0
A% Hul A8 (0-9)°

X8 (WT) 5.7
J1-51 3.6
J1-52 4.7
ACC -7 4.1
ACC —15 4.4
ACC —-19 4.1
ACC —-27 4.9
GolS—105 4.6
GolS—136 5.0

lgubd A g 2A)E - 00 Fuba) 1 WubA A S 19% vlgk 3 1~5%, 5: 6~25%,
7:26~50%, 9: 51%°1H(FF A9 39 H)

NA



7}

KN
=

WA+ (Xanthomonas oryzae pv. orzae)

Hel W ALYE

g

%

344

a3 1.3

N
o
&
K

o

o
T
X

s

s

N
o
&+

gl
1o

e

X3

X
mm.o

e

Nfo
N N e R N RN e R e
"o B |[F|lo| | o | & [F|S|e
~£(222222221
=0
~~
5
~—
o R R Dl T e I e el S
— | o |H|N| 0| < | 0 [nfo]|
puns o |o|lo| o | o | - [o]|©
A4
Hlo
N
E ||| =] s | =|alala
X o |o|lo| >~ | o |~ |oulxls
O — =] = = = | =]
N
g Slmlel s e Lleloe
et o |~lm|l o]l ww | o |SF|olo
O onlo] © | v Lo Te}
~
N
~~
—_
o 2
—| »m || N | |~ |lo|lw|w
o | o [~
T127112ww
PO I el el I I R BN A
]]LllcCCCSS
6S DG g O | O |O0|=]=
o <= =|=|8]S8
(G RG)

laYa)



WS gl A8l AdelA Wad =ns &
o] AT THHE PR 7t 9o FEHE
B AR A= 50mMol A 400mM7HA ¢ NaCl%
Z3 F 257 28 — 30T Q0 vl oA AT

22 Erg FAATEA Tolg S FASS
E}. %Eoﬂ —&x}% g & et elA Wolalzl Ax}f 98%9] F-AE|e} nlulsl]
50 mM¥E 150 mM7HA¢] NaCl EXolAE ¢F 90%<] wol&S vehdth
(29 2). FAHS W WId A A AF4AH 200mMe] HsEolA=
GolS—136 line> AJSo] =g a1 gl wAF sf¢o] ozt w2 F2A dee
Ao YeErRTh (& 4).
< FEse oY A
4

dHA % ge A

BN ool oW ANE EdE WINES F
s W FAAT Mo 542 Wt ATE FUR F

QA EgNAe) AR Ak el Az,

laYa)



=
M99999
S
N
=
M99997
o
—
=
m57775
S
—
=
m35553
o
.
=
w | ©
o | = S| »m
_— | ~ — | —
lEizlal o]
— 0|
ol I R el
ol 2|5 |O|&

=l

i

.Eo

0
of

—_—
fite)

Al

of

i
-

7, AFEA, o

la W






AlAA=E Ad75E 4=

AxPE ALY Fxol Pkl Hokd W EX IAEE oo yEeldlon AxE Af
M ExEd diAdez AT A Hxet dAjste] @ lcta Azt
LA 1 ApdEe] A7 Hareh ok 2k 9@ A=
B S SERA| 3%
AN £ - } 37
- B ] 719 zhold = =I=]
= =] = 1] =]Lod
MAPK Kkinase (_)SMEKBE HENYH Fmdsigon = 3%
= ey 3 OsMEK3¢] 7]]]i ol &xglg Azt 35 100 .
=2% s ¥ MAPK fAXE5S 2243 14
MAPK kinase |0sMEK39] #|42]¢] Zolwlo] A} 24 3%
Aol A S 2o EdHolAE  site—directed 30 100 L
RE mutagenesisiH-S 3l A 2Hg =
e EdWolAe] Axg G S
MAPK kinase | g, co/pM uE A171 3 Affinity 54
Aol A columnE  o]&3 R sgon 35 100 L
2 ar in—solution kinase assayS 3] 7% =
gado] Zst EdAHolAE Mg
Yeast screeninge %3 =54 UEA
WA AR SAT79 FH25 E8lekelon, fdat 715 45 100 3%
=) ATFE I8t o7 ZHE AtSAT79 474
TS SREIS S
2o A&l Al *, AR HAF HE 35 100 3%
AAFEA A} S S48 . 44
PAAE  |(Foptd 2 GFP 23 dAAIANES 3%
~ 30 100
WE A =f RS 44
callus 34 |FFd FAZ FH callus A& ¥ ) 3%
H] 1 WY =7 8 30 00 54
Ho] &3 |callusZH-E AERIJEAS AR 2EA 35 100 3%
=1 g9 2 A% wE AA 27 gy 54
wo] FAHZ | eE APt = mE FAHI 3%
s 8|9 25 | 100 |
PBS1 fA=} ) 3%
S PCRS 53 44 &84 10 100 5




)

2. A 2

N
I~ =0 T
hillia Mo Xle % T Ry .
- S RN O XM o
To ~ SelE Y W %o WO R
RS A I I IR s
Mo = o © moe % e
A M - = S o -
= ~ 2 S S
Q — (e S
oS — o S
o — («)
N 10 ~
o o
o J,m = o
K ™ o o
o 2 o
LO (e)
e) ) 0 e =
=% i m i s K
S D B lE & |2 | 2GS
» A £ — o ~ o o0 ~y ac)
- O S |y W AL R of
~ n > = W 00 —_ &) E_ < ﬁl . __i OW
W WS = 7 G T Ny =
o N e < s O = ~ ] o <7 To
o | 3 8 to = = = " Mo ~ Ho - X
® 5 o = i " { < |9 " 7
I~ i Q oy i il ) o
S T w2 | T
—meX|EwT Tam ¢ T L N -
it ML 2T |g=u § Tdlzs |23 .
s r I~ - | = — |
= EowaM A_,%M .m%d o mﬁ i) < =T T I o7 uru
W | A o S o | X WoN T o™ &
- O = % =™ 9 | =w o Mo | < X O o
< o RNy .Oioﬂu@. N iy K- m X g o
g e g .mac S M 80 ou | ™M S G
| = o 3 3 OME = EE o, X . &o To < T ol T O
LT 2| SRA PRy B o Afx o S T
k2|8 WEred | ] S = Q| B = R B o B
2 o re W n S| o ] | I ol
5 Flz2Z3 g g + 7 T S o | M
o = o Iwm W s | T SO | DX a
mr X o7 8 o T | = S o <o XV -
_ A Jd g w T =< | BT e o ®°
= do & _ ko | K 2 T 2 T —— E R
2o gT s Wl sS T =, N - o
s T o © Ik N X oy
X IE | ® S| ' R A
B M Ee | m TR R o |y % o B X o
o j= x]ﬂ B ™R AN X0 K| o TF o B0
BET | B F =N oA 7 o | F
A S | B S g B o X =0
TIER|T N aowm | ™ %o
~ | ® wr o o
T | =F

no




3. Al 3 APdmEe] At &

239} Bohe] Hory o

AFAE B - 7kl | SESSS
h B H7le] zkotHd i w T
ga Faxe] W At e
2 A 3HA) 2 goly FAAINAZEY n vivo 50 100 3%
iy el 4] ¥ MAPK cascaded] 7]5< 14, 24
sl
LU B & A
° P E
2247387 9 ¢ MAPK pathway’} 7 0}74]— 53
o oy [ste Fwdaas olgstel WAL 50 | 100 °
WS e me wmae a9, IE
Jojure & A A9 B AEg -~
waaa e TR SAARAZTE AE -
e AAEe AAR g Fds 2 35 100
oA 474
ALt &
Sucrose©l] tiak L )
Sucroseo] W& IFopdd A AZA 3%
AtSAT79  $4|_ 35 100
S U Bl 4
Ao 7% BA
AtSAT79 A |AtSAT79::GFP F A A3 A ZHE Tl g
2ol AU 9|2 A FARsE Ay M 9 A 30 100 4;
A g e o N
L Al o] & A o) AAATAHEE
Qa8 A2 Al o)) .1 To ﬂtﬂ_«l_ Eb_ﬁl—ri 54
oA Genomic DNAE F&3] A AIA Y 40 100 o o
w4 o ol e e
W, WA S TAY F2AZAE A 1AFHA 9 40 100 3%
d 9 7edAd (34 IEAds AAE 14
LAl of] & X BHE ZZ)2 3 H s
Saaaa oA Mol A ToAUZ2HE FTAE5 2H3) 53
o FAAL B4E MSAAAA TAE| 20 | 100 |
i = FAAIAS Fr3 ’
A1AF-IGAZEEH Edde s3] o
WA FEEAAE o] &8l] wixe] gAY 2gA 50 100 ;
solvken uwA e AR, o
=) =] Holuro & A A3 ¥
e A ALAF-IA 25 BESdPe FAAS =0 100 3%
AE ol &3 WdAdS #A43% 64

laYal




A 2 A FFELY] J|&RAN Y VodE

2 AFE T MdE W FAASA = HAdH L HAAESH ~E
2o = Hk$-3sl= MAPK pathway”’} E43td Aelolt). o] JAASAZEE
o] Az AGA A FR3 3 FE2 MAPK cascaded] 7|H=E AlgEE=E oW
El AN EEAA 2 T A

d < T8 AL S EEcke ARE o8
Aolth, me ofA7tA] WA Wt W HAESH AEf iR 9k}
MAPK pathwayzte] A% #A7F 9322 &2 o

gl 21&9] MAPK pathwayel tigh ojae] & Fo Feat A7t} oy

-1 qul
sl 2 sldael Azted md 2 A7E Fi AT 5w Aad
o]-&3 Al g FA MiF A EES AATA dEAA F2S 2L
i=]

Mo S o S g S o o fr mo m¥ o

q fRAEel ZFsol Qo] HEe Az A Wy AAE wHE T8
B BE T 7 A Aotk 3 WA B MARAAEY S5
£ TFES BA2Edzd 0@ e ATY 8L olssed 2 B
% Aolu.

2 ATE 3 HelA BHdd E HAESA

MAPK pathway7} BFs]d o =24 we] A #o] 7]ztol| gt
Fold 4= glon B MAPK Ala Hg 7]#o] ggd" Ao
o gk M= Hefo] FyEE 7|27 d Blo|th
&

[
=
)3
2
H
rJI.
olo
QL
rr

o
2
fol
2

W

off © & g
iny
-
(o]
o
N
N
>

Sbor
I
il

e 2

A gge AE Wes Bk ofvgl Ayast dke] &8 7} o] 2
of o] e 7oAl B Aoltk w3k W JFAAS VHS % AR
HA xzlo] & AFE T FHPOEA VS B AN B2 w=FHo|
25HE W FAAS J)Eo] gEH o o)™ £ S Aotk o3 x|
F 2 A3 e g @A W] A w3 A & gE ZE
AMGS FAHIoR F&d Ut Qo FFFoY AP E THAT H&
AEo] FARG o] V)wo] &8E 5 o} Azt

A& 73 WA 23R vl T xR AEY uE VHETE 3

i

3] rasiy, AZldE T3 o8 AXE 7)ZFre] @AS o E 59, cell
cycle 4 7)Zo|L} cell expansion =& 7] 2k cell terminal differentiation &2

o = A~

712+ cell—to—cell signaling, cell fate determination 52 £ 4 9t} oot



Hoafre] wE ARSI grain filling A= Al A A e diAF 24
Aol Fagh mdo] & 4 9} 2 Aol AFEH AW yeast screening &3l
ek a8 WA F4A pool A A=, A, #4438 2 K &5
A s Fete] BAFoER T Fxo A A4S o= Wi FHA
59 75 713ES W d ¢ ds Aolrh. ek AE &F Vo] T HoA
ool FHAEY] A 5SS wdeEA ZEIRe] 3H SW ol 9 V)

SRS

s 5
2 At xAol & 4 Qi FAE] sugar metabolism®|Y} carbohydrate
change, water pressure 5o TTHFO=EHA E AH By ¥sE ol

A& Aot

2. AAAEGH SHolAe] 7]ojx
 ATERE W Hdd R HAESH LB st s de
71z S vt s FEE A v Aoy AakEel sivF HA
A HAREE Bol For s AEHA sdol Ewol 2 Aow AT
AT 3 WE B/ Aol = 4 gkol FEAERIE wolN Zdr
A AN el 2 @ A e wHAdvkEROl tiE WEAdE B
TORMA I 7bede BoFdua & 4 v 3 W B s g -
AGAA sk9f o] Sol4 B FHA BEFe o {8 HeEd] FEd &

>,
fol
>
i)
o X

849 & Qo 4z
4

A 7 R A Ao wA, 529 v (endosperm)= 7 A A 2
O

agk At Fxolth BE wWife AEY SHTFEORE QI A4t
ER2H ofF Folg 7]& e o3 WA EoIX ™, 53] ¥ vif(endosperm)®] F5
3t 7hx e A AP o s Bat olyd, ui-&-9 grain—filling pathway® &<
szt AZE dE F e 8% v 2 5 Anh wii SolF #d fdA
a2 7 A 58 29 2 78 A=2E5s FED 7 A& Ao, F
A A TS R U len, AEe] JiEE Q1% v AAE g
of IA Z=Fo] & Aotk g W v F8& AE FAANE UEF FEIFoRN

21

3. 08 ¥ SHA ] o=

BAYBE, ALYBY, BAFAY, FAALS NRow i 4
s

3 g Th AarlE A9 s F%



7F71A]

[e)

=
o
il

aid

Aoltt, 1A A

o @

E‘_:lv
=7} A4

=
[¢]

o

I

0

¢+

B

A

CEs

R

AFAE FAol

= 2=
= T

AT Al

o
LS

2

Aol

LR R

3}
sl

)

—~
fite)

o

el

NN



H 5 & ARl LAl

inn



7 4

ZI&

1. & FEY & AT SFHAS QA€

A 1A F71a7e deA

%MQW&%%@?M@
\J|o _E '.o
TR T e B
E o o oy B M oo
S S oo A oE X
b i U o) U
S PEIT LXK x oo X
FEREE TR
ﬂMﬂﬂ%%%ﬂwﬂw
R T ok B )
Fmeap Ty s
R A T
oWzToWMATEAMﬁiﬂNﬂ
T o ez m "oy
DT oy Mo N " Rk
R o BT A
iﬂ7@ﬁﬂmwumﬁ5c§ﬁo
3 " 7 — oy
Jﬁmwﬁ.7]ﬂ1_oﬁoﬂlodﬂ
ﬂwu%%%ﬂ T = oh
ME_JME?%WOMEE%@E
T
_dﬂ‘LILIEmoV ‘ml_ﬂ_u
TELLERITRE L
W w o W
et B ) ﬂof#o o ‘Dl‘ol_&l EE
Hm‘bﬁurmurmaﬂ%a‘%iﬁ
N _ —
ﬂﬂ%o]er%MLt QJ_MO#@.
AR I L
\ o 1oy 0 @ﬁl
o TR B
mgmomﬂxao%%m.ﬂi.
w R AP N T o= P
%mﬂﬂ@%@ﬂﬂﬂﬂ
0 o
R al O R KRS N
&N AF % A oo o W KT

bl

Z7

ARol A A E

1

S

5%

=

=1
Aol %

7
w3l AR A #7

3+

e

Wy ddd<

) 2]

A

.
E

)

&

|
1

A
QA

a3
ol X E
|

a}

Z]

3

=
WA

o 7}

M= o B2 ¥

1513
=

S

AghS A|Esle] goaEM o] 7k F
2. ¥3% 43 g4

7N

_(H



Lfﬂvlﬂx.uHATo
) f‘Ll <
ww%aﬂﬁw Mﬁ%urﬂ
— — RN
LLEN < = od TR I < ® o B!
SN ~N g o o~ b~
;.OL ‘HOI ‘WE N O 3 o o = N
= A o o) mowp®ERE W}wﬁ_@
o R 20 8% N
,I]J_ljlo )AvAoaO \lw:O
\MEE X,Dre =) 3 CO \L_Owl
=L o AR T N P R
® oo al . ;ﬂ s =3 oF M B m o oF WL
w0 g Boaw o * TRE
ﬁwm_ﬁA% o & R T o T
ol * or "o Emaﬂuz = Ao R
NLmE .27E = . R 12_‘07£_Mu
Am«ﬂgﬂﬂﬁ XX g oA =
oe}.ﬂo;aﬂd.mﬂ 7x7mﬂﬂw Ltqolwngo
S o i N F o B Pow w ok
S m <o ey T
2Ry W B Mo eI =
CWi ;OL ﬂNqu,l I~ i
Kw&aﬂﬂln_rm e 3 eEJﬁmLAﬂﬂ
= 5 M ~ T o_ng_%? 52 Jo T
STgTexy 2C TS ok J N U
< E.E N OT ia M ~ K w JnoﬂDI,lr ,Q
<o o M AR o= D X g B
T L .= zollﬂmwr w s
chﬂIOtME 0 0 o XM]Ml
H%ﬁ%ég %ﬂﬂ%aﬁ 50 ;Hoxwm_x
o — s E.e }L..mut %Jﬁﬁh
go M T T T ﬂ%7%m% ~ d & o D
T B ow s St o X o T BT
o "R _ X s N- e )
jﬁugowaﬂq mﬂ;ﬂln}wlﬂvmo? ﬂo»EEmM
I Fhw g WO
< ; ) T
H R _imgﬂdr.dmoﬁ L0 0 3 @%%1
- RV TR S = ~ i
W oo o}ﬂML]Lnduaa N mo T T Hd
w5 Kﬂw ~ ~ T oM S oM H
B s > o EP P
W Z T T W " s
R S W W o ™ T o o
our S N = o K
o R

st
She 719 ke A ol

[e]

3T
=3

2 Al

]



A 6 & ATHUTHoIM SHE shol

4Nz



A1 A Lol dg 4E o] AZ AL 7|2 djg 7]

<ol w=r mFiEke] Dr. Zhang 1*01]/\1 2 Z
A-o] U E o] &ste] WA} A=
- ApARE Hzw 9yg, B A
21 Arab1d00515§ olgal WMol IYES o HAdS AAstar H3bek Al
SAGAAZE AA 22 HARFECQ] phytoalexin®! camalexing AJ2FsA ATt
o|lt}. o}ANNAl ArabidopsisH ol Al camalexin®] A3t H+= A& A5 A
of tigh A7+ A= AY fidTh 2Ey oW AT AdRES

WS o= Botrytis cineread] & A3} mitogen—activated protein
kinase (MAPK) Azd=@Azel o Aa AWd AIds dorls
camalexin®]  AJite]  FAHEYE= Aot 53  5AI  MAPKKKa
/MEKK1~-MKK4/MKK5—-MPK3/MPK6 A1 &= A ¢] gain—of—function *§H 2}
phytoalexin deficient (PAD) o] A 9] lose—of—function HWHL o] &3 -4
ol B4& %3] o] MAPK casaced”’} camalexin® A4ty A3 A7} oS
ol 3l camalexin®] A ¥ 7] Y84+ anthranilate synthase a
¢t B (ASA < ASB), phophoribosylanthranilate transferase (PAT),
indole—3—glycerolphosphate synthase (IGPS), tryptophan synthase a <} B
(TSA ¢} TSB), CYP79B2, CYP79B3, CYP71A13 ¢ CYP71B15 53 #& a4
5 d3stste ofe] AT B He=d ol gk fHAE°] MAPKKKa
/MEKK1-MKK4/MKK5—-MPK3/MPK6 XS ADAA 9 sholA Z2HE o] 2
oS Gt o] A7 A= Hep 22 o #AEr 83 F oy
AzrEle] W wro] A A ZEe] i & =gl 2 e AR5E AL

.

flo Jd'
nH folr rkﬂ
Ol e or

Fo

H
=

mlo JZi

k)



Al 2 A Mu—TAILe| &3t 7|5 FAA & gt 7& A
=

2 v]=oA Dr. McCarty, Dr. Larkins, Dr. Hannah, Dr. Koch, Dr. Messing
% Dr. Becraft 71H°] 2494 Fx ZdAWHo|Ao] ™3t uniform transposon tagging
population (Uniform—Mu)< A2t o 82421 Mu insertion sites 3% WHE ¢t
3ol Mu—TAIL PCRol thgl EA] gl F38)ar ¢t} 3 transposon mutagenesis
Z] 218 Mu—TAIL probesE ©]-&, 2 microarrays A=3tar 9t o]zish WhHLe o
I Q1 library & o] &3b= A Bt vl &&4<1 Ho|E|7} v o= 7|djE oIt}
g W= o2z Wighal, Dr. Galbraith &S E4F Wl 47k 6,500 cDNAE 53
2 3} microarrayE AZFEtal 4tk Dr. Messing 82 Yathyg 2p7F 4 & 4-6
DAP F2t ¥l ¢DNA libraryE #14teted EST Hlo|HHo]~E F-5akal vk &gk o]
28 27-kD  zein promoter—GFP reporter geneS HAAZE AEAZHEH
Uniform—Mu populations 758 A&Esta Qth o]g)s dF A5 Aoz o] &

shedle 238 2k5r 9 Ao Algdt).

o)

X



ol
O
B
__.AE

-t

X 7



Agrawal, G. K., Iwahashi, H., Rakwal, R. (2003) Rice MAPKs. Biochem.
Biophys. Res. Commun. 302: 171—180.

Apse, M. P., Aharon, G. S., Sneddeb, W. A. and Blumwald, E. (1999) Salt
tolerance conferred by overexpression of a vacuolar Na+/H+ antipoter in
Arabidopsis. Scrence 285: 1256—1258.

Asai, T., Tena, G., Plotnikova, J., Willmann, M. R., Chi, W. L., Gomez—Gomez,
L., Boller, T., Ausubel, F. M., Sheen, J. (2002) MAP kinase signalling
cascade in Arabidopsis innate immunity. Nature 415 977—983.

Bagni, N. and Tassoni, A. (2001) Biosynthesis, oxidation and conjugation of
aliphatic polyamines in higher plants. Amino Acids 20: 301—317.

Blumwald, E. (2000) Sodium transport and salt tolerance in plants. Curr.
Opin. Cell Biol. 12: 431—434.

Bouchereau, A., Aziz, A., Larther, F., Martin—Tanguy, J. (1999) Polyamines
and environmental challenges: recent development. Plant Sci. 140: 103—125.

Boyer, J. S. (1982) Plant productivity and environment. Science 218: 443 —448.

Capell, T., Bassie, L. and Christou, P. (2004) Modulation of the polyamine
biosynthetic pathway in transgenic rice confers tolerance to drought stress.
Proc. Natl Acad. Sci. U S A 101: 9909—-9914

Cho, R. J., Mindrinos, M., Richards, D. R., Sapolsky, R. J., Anderson, M.,
Drenkard, E., Dewdney, J., Reuber, T. L., Stammers, M., Federspiel, N.,
Theologis, A., Yang, W., Hubbell, E., Au, M., Chung, E. Y., Lashkari, D.,
Lemieux, B., Dean, C., Lipshutz, R. J., Ausubel, F. M., Davis, R. W., and
Oefner, P. J. (1998) Genome—wide mapping with biallelic markers in
Arabidopsis thaliana. Nat Genet. 23: 203—207.

Cona, A., Rea, G., Angelini, R., Federico, R. and Tavladoraki, P. (2006)
Functions of amine oxidases in plant development and defence. 7rends
Plant Sci. 11: 80—88.

Durner, J., Shah, J. and Klessing, D. F. (1997) Salicylic acid and disease
resistance in plants. 7rends Plant Sci. 2: 266—274.

Hasegawa, P. M., Bressan, R. A., Zhu, J. K. and Bonnert, H. J. (2000) Plant
cellular and molecular responses to high salinity. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 51: 463—499.

Hiei, Y., Ohta, S., Komari, T., Kumashiro, T., (1994) Efficient transformation
of rice (Oryza sativa L.) mediated by Agrobacterium and sequence analysis
of the boundaries of the T—DNA. Plant J. 6: 271—-282.



Hirt, H. (1997) Multiple roles of MAP kinases in plant signal transduction.
Trends Plant Scr. 2: 11—-15.

Hwang, I. T., Kim, Y. J., Kim, S. H., Kwak, C. I., Gu, Y. Y. and Chun, J. Y.
(2003) Annealing control primer system for improving specificity of PCR
amplification. Biotechniques 35 1180—1184.

Jin, H., Liu, Y., Yang, K. Y., Kim, C. Y., Baker, B. and Zhang, S. (2003)
Function of a mitogen—activated protein kinase pathway in N gene—mediated
resistance in tobacco. Plant J. 33: 719—731.

Jonak, C., Okresz, L., Bogre, L., Hirt, H. (2002) Complexity, cross talk and
integration of plant MAP kinase signaling. Curr. Opin. Plant Biol. 5:
415—-424.

Kachroo, A., He, Z., Patkar, R., Zhu, Q., Zhong, J., Li, D., Ronald, P., Lamb,
C., Chattoo, B. B. (2003) Induction of H202 in transgenic rice leads to cell
death and enhanced resistance to both bacterial and fungal pathogens.
Transgenic Res. 12: 577—586.

Kang, J. Y., Choi, H. I., Im, M. Y. and Kim, S. Y. (2002) Arabidopsis basic
leucine zipper proteins that mediate stress—responsive abscisic acid
signaling. Plant Cell 14: 343—357.

Katoh, A., Shoji, T. and Hashimoto, T. (2007) Molecular cloning of
N—methylputrescine oxidase from tobacco. Plant Cell Physiol. 48: 550—554.

Katou, S., Yamamoto, A., Yoshioka, H., Kawakita, K., Doke, N. (2003)
Functional analysis of potato mitogen—activated protein kinase kinase,
StMEKL1. J. Gen. Plant Pathol. 69:161—168.

Kauffman, H. E., Reddy, A. P. K. Hsieh, S. P. Y. Merca, S. D. (1973) An
improved technique for evaluating resistance of rice varieties to
Xanthomonas oryzae (bacterial blight). Plant Dis. Rep. 57: 537—541.

Kehoea, D. M., Villandband, P. and Somerville, S. (1999) DNA microarrays for
studies of higher plants and other photosynthetic organisms. 7Zrends Plant
Scr. 41 38—41.

Kim, C. Y. and Zhang, S. (2004) Activation of a mitogen—activated protein
kinase cascade induces WRKY family of transcription factors and defense
genes in tobacco. Plant J. 38: 142—151.

Kim, Y. J.,, Kwak, C. 1., Gu, Y. Y., Hwang, I. T. and Chun, J. Y. (2004)
Annealing control primer system for identification of differentially expressed

genes on agarose gels. BioTechnigues 36: 424—434



Kottapalli, K. R., Rakwal, R., Satoh, K., Shibato, J., Kottapalli, P., Iwahashi,
H., Kikuchi, S. (2007) Transcriptional profiling of indicarice cultivar IET8585
(Ajaya) infected with bacterial leaf blight pathogen Xanthomonas oryzae pv.
Oryzae. Plant Physiol. Biochem. 45: 834—850.

Kusano, T., Yamaguchi, K., Berberich, T. and Takahashi, Y. (2007) Advances
in polyamine research in 2007. J. Plant Res. 120: 345—350.

Kyriakis, J. M., and Avruch, J. (1996) Protein kinase cascades activated by
stress and inflammatory cytokines. BioEssays 18: 567—577.

Lee, K., Jeon, H., Kim, M. (2002) Optimization of a mature embryo—based in
vitro culture system for high—frequency somatic embryogenic callus
induction and plant regeneration from japonica rice cultivars. Plant Cell
Tiss. Org. Cult. 71: 237—244.

Liu, J. H., Kitashiba, H., Wang, J., Ban, Y., Moriguchi, T. (2007) Polyamines
and their ability to provide environmental stress tolerance to plants. Plant
Biotechnol. 24: 117—126

Liu, Q., Kasuga, M., Sakuma, Y., Abe, H., Miura, S., Yamaguchi—Shinozaki,
K. and Shinozaki, K. (1998) Two transcription factors, DREB1 and DREB2,
with an EREBP/AP2 DNA binding domain separate two cellular signal
transduction pathways in drought— and low—temperature—responsive gene
expression, respectively, in Arabidopsis. Plant Cell 10: 1391—1406.

Liu, Y., Ren, D., Pike, S., Pallardy, S., Gassmann, W., Zhang, S. (2007)
Chloroplast—generated reactive oxygen species are involved in hypersensitive
response—like cell death mediated by a mitogen—activated protein kinase
cascade. Plant J. 511 941—-954.

MAPK Group. (2002) Mitogen—activated protein kinase cascades in plants: a
new nomenclature. 7rends Plant Sci. 7: 301—308.

Marce, M., Brown, D. S., Capell, T., Figueras, X. and Tiburcio, A. F. (1995)
Rapid high—performance liquid chromatographic method for the quantitation
of polyamines as their dansyl derivatives: application to plant and animal
tissues. J. Chromatogr. 666: 329—335.

Martin—Tanguy, J. (2001) Metabolism and function of polyamines in plants:
recent development (new approaches). Plant Growth Regul. 34: 135—148.
Mishra, N. S., Tuteja, R., Tuteja, N. (2006) Signaling through MAP kinase

networks in plants. Archives Biochem. Biophys. 452: 55—68.
Nakashima, K., Shinwari, Z. K., Sakuma, Y., Motoaki, S., Miura, S., Shinozaki,



K. and Yamaguchi—Shinozaki, K. (2000) Organization and expression of two
Arabidopsis DREB2 genes encoding DRE-—binding proteins involved in
dehydration and high—salinity—responsive gene expression. Plant Mol Biol
42: 657—665.

Ouwerkerk, P.B., de Kam R. J., Hoge, J. H., Meijer, A. H. (2001)
Glucocorticoid—inducible gene expression in rice. Planta. 213: 370—378.
Posas, F., Chambers, J. R., Heyman, J. A., Hoeffler, J. P., Nadal, E. and
Arino, J. (2000) The transcriptional response of yeast to saline stress. .J.

Biol. Chem. 275 17249—17255.

Ren, D., Yang, H., Zhang, S. (2002) Cell death mediated by mitogen—activated
protein kinase pathway is associated with the generation of hydrogen
peroxide in Arabidopsis. J. Biol Chem. 277: 559—565.

Reyna, N. S., Yang, Y. (2006) Molecular analysis of the rice MAP kinase
gene family in relation to Magnaporthe grisea infection. Mol
Plant—Microbe Interact. 19: 530—540.

Rohila, J. S., Yang, Y. (2007) Rice mitogen—activated protein kinase gene
family and its role in biotic and abiotic stress response. .J. Integrative
Plant Biol. 49: 751—759.

Rotem, N., Shemesh, E., Peretz, Y., Akad, F., Edelbaum, O., Rabinowitch, H.
D., Sela, I. and Kamenetsky, R. (2007) Reproductive development and
phenotypic differences ingarlic are associated with expression and splicing
of LEAFY homologue galLFY. J. Exp. Bot. 58: 1133—1141.

Serrano, R. and Rodriguez—Navarro, A. (2001) Ion homeostasis during salt
stress in plants. Curr. Opin. Cell Brol. 13: 399—404.

Shi, H., Quintero, F. J., Pardo, J. M. and Zhu, J. K. (2002) The putative
plasma membrane Na+/H+ antipoter SOS1 controls long—distance Na+
transport in plants. Plant Cell 14: 465—477.

Smith, M. A. (1985) Polyamines. Annu. Rev. Plant Physiol. 36: 117—143.

Taji, T., Ohsumi, C., Luchi, S., Seki, M., Kasuga, M., Kobayashi, M.,
Yamaguchi—Shinozaki, K. and Shinozaki, K. (2002) Importanat roles of
drought and cold—induced genes for galactionol synthase in stress tolerance
in Arabidopsis thaliana. Plant J. 29: 417—426.

Thordal—Christensen, H., Zhang, Z., Wei, Y., Collinge, D. B. (1997) Subcellular
localisation of H202 in plants, H202 accumulation in papillae and

hypersensitive responses during barley—powdery mildew interaction. Plant J.



11: 1187—1194.

Tiburcio, A. F., Kaur—Sawhney R. and Ingersoll, R.B., Galston, A.W. (1985)
Correlation between polyamines and pyrrolidine alkaloids in developing
tobacco callus. Plant Physiol. 78: 323—326

Torrigiani, P. (1997) Polyamine synthesis and accumulation in the
hypersensitive response to TMV in Nicotiana tabacum. New Phytol 135:
467—-473.

Walters, D. R. (1985) Relative changes in levels of polyamines and activities
of biosynthetic enzymes in barley infected with the powdery mildew
fungus, Erysiphe graminis D.C. ex Merat f. sp. hordei Marchal. New
Phytol 101: 695—705.

Walters, D. R. (2003) Polyamines and plant disease. Phytochemistry 64:
97-107.

Widmann, C., Gibson, S., Jarpe, M. B., Johnson, G. L. (1999)
Mitogen—activated protein kinase: Conservation of a three—kinase module
from yeast to human. Physiol. Rev. 79: 143—180.

Yamamizo, C., Kuchimura, K., Kobayashi, A., Katou, S., Kawakita, K., Jones,
J. D., Doke, N., Yoshioka, H. (2006) Rewiring mitogen—activated protein
kinase cascade by positive feedback confers potato blight resistance. Plant
Physiol. 140: 681—692.

Yang, K. Y., Liu, Y., Zhang, S. (2001) Activation of a mitogen—activated
protein kinase pathway is involved in disease resistance in tobacco. Proc
Natl Acad Sci USA. 98:741—746.

Yang, Y. F., Shah, J., Shah, J. F., Klessig, D. F. and Klessig, D. F. (1997)
Signal perception and transduction in plant defense responses. Genes Dev.
11: 1621—-1639

Yang, Y., Shah, J., and Klessig, D. F. (1997) Signal perception and
transduction in plant defense responses. Genes & Dev. 11: 1621—1639.

Yoo, T. H., Park, C. J., Kim, K. J., and Paek, K. H. (2004) Ornithine
Decarboxylase  Gene (CaODC1) is  Specifically Induced  during
TMV—mediated but Salicylate—independent Resistant Response in Hot
Pepper. Plant Cell Physiol. 45 1537—1542.

Zhang, S. and Klessig, D. F. (1997) Salicylic acid activates a 48 kD MAP
kinase in tobacco. Plant Cell 9: 809—824.

Zhang, S. and Klessig, D. F. (1998) Resistance gene N—mediated de novo



synthesis and activation of a tobacco mitogen—activated protein kinase by
tobacco mosaic virus infection. Proc. Natl Acad. Sci. U S A 95: 7433—7438.

Zhang, S., and Klessig, D. F. (1998) The tobacco wounding—activated MAP
kinase is encoded by SIPK. Proc. Natl Acad. Sci. USA 95: 7225—7230.

Zhang, S., Du, H., and Klessig, D. F. (1998) Activation of tobacco SIP kinase
by both a cell wall—derived carbohydrate elicitor and purified proteinaceous
elicitins from Phytophthora spp. Plant Cell 10, 435—449.

Zhang, S., Liu, Y. (2001) Activation of salicylic acid—induced protein kinase, a
mitogen—activated protein kinase, induces multiple defense responses in
tobacco. Plant Cell. 13: 1877—89.

Zhang, S., Klessig, D. F. (2001) MAPK cascades in plant defense signaling.
Trends Plant Sci. 6: 520—527.

Zhao, J. F., Davis, L. C., Davis, L. F., Verpoorte, R. and Verpoorte, R. (2005)
Elicitor signal transduction leading to production of plant secondary
metabolites. Brotechnol. Adv. 23: 283—333.

Zhu, J. K. (2001) Plant salt tolerance. 7rends Plant Sci. 6: 66—71.

Zhu, J. K. (2002) Salt and drought stress signal transduction in plants. Annuw.
Rev. Plant Physiol. Plant Mol Biol. 53: 247—273.



N

3. @A % DGl B

sl

oAM=




	내재해성 벼를 위한 유용유전자의 기능규
	요 약 문
	목 차
	제 1 장 연구개발과제의 개요
	제 1 절 연구개발의 목적 및 필요성
	제 2 절 연구개발의 범위

	제 2 장 국내외 기술 개발 현황

	제 1 절 국내․외 연구동향
	제 2 절 연구결과의 국내․외 기술개발현황 위치

	제 3 장 연구개발 수행 내용 및 결과
	제1절 벼에서 병원균에 반응하는 MAPK 신호전달체계의 내병성 기능분석
	제2절 Expression of an active tovacco mitogen-activated protein kinase kinase is involvedin multiple defense responses in transgenic riceplants
	제 3절 Mitogen-activated protein kinase cascade insignaling polyamine biosynthesis in plant
	제 4 절 염해 내성관련 유전자의 분리 및 기능분석
	제 5 절 내재해성 유전자의 벼 형질전환 개체 육성
	제 6 절 형질전환 벼의 병해 포장저항성 및 내염성 평가

	제 4 장 목표달성도 및 관련분야에의 기여도
	제 1 절 연도별 연구목표 달성도
	제 2 절 관련분야의 기술발전에의 기여도

	제 5 장 연구개발결과의 활용계획
	제 1 절 추가연구의 필요성
	제 2 절 타 연구에의 응용
	제 3 절 기업화 추진 방안

	제 6 장 연구개발과정에서 수집한 해외과학기술정보
	제1절 병원균에 대한 식물 방어 신호 전달 기작에 대한 기술 정보
	제 2 절 Mu-TAIL에 의한 기능 유전체 응용에 대한 기술 정보

	제 7 장 참고문헌

