Development of Transgenic Rice

Improved in Iron Metabolism by

Introducing Genes Related to Iron
Uptake and Storage
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SUMMARY

To increase the ability of iron uptake by introducing genes in rice,
nicotianamine synthase (NAS) and citrate synthase (CS) genes which are
related to iron uptake and translocation have been cloned by RT-PCR. The
structure and function of the genes have been characterized. The recombinant
DNAs with NAS and CS genes have constructed with the plant expression
vectors having 35S promoter (KJGV-B2) and ubiqitin promoter (KJGV-B3).
They were transformed into rice plant by Agrobacterium-mediated method. Iron
uptake and its translocation in rice plant have been investigated. The results

are summarized as follow :

Section 1. Isolation and characterization of genes related to iron

uptake and translocation

(1) A cDNA encoding nicotianamine synthase (NAS) was isolated by RT-PCR
from Barley. The cDNA clone composed of an open reading frame with 986bp
which have 328 deduced amino acid sequences including stop codon. In
homology analysis, the amino acid sequence showed 87% homology with rice,
80% with corn, and 99% with Barley nicotianamine synthase, respectively.

The gene expression of NAS was tested by semi-quantitative RT-PCR. The

expression was observed in stem and root, especially much stronger in root.
(2) A citrate synthase (CS) was isolated by RT-PCR from carrot. The cDNA
clone composed of an open reading frame with 1,419bp which have 427

deduced amino acid sequences including stop codon.

(3) The recombinant inbred population (F13 generation, 164 RILs), which

was derived from the cross between Milyang 23 and Gihobyeo was
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used to locate NAS and CS genes on rice chromosome. Nicotianamine
synthase genes, OsNAS1 and OsNAS2, were mapped near to RM7 on
the short arm of chromosome 3, while OsNAS3 was located near to
C213 at the bottom of chromosome 7. OsCS was mapped near to RZ87

on chromosome 2 and near to RM21 on chromosome 11.

Section 2. Development of transgenic rice plants by Agro

-bacterium tumefaciens

(1) The recombinant genes, named by pNAS and pCS, have been
constructed with nicotianamine synthase and citrate synthase genes into
Smal site of KJGV-B2 and KJGV-B3 vectors with 35S (KJGV-B2) and
ubiqgitin (KJGV-B3) promoters and Arbcs terminator for transformation

of NAS and CS genes into rice plant.

(2) A total of 158 regenerated plants with pNAS gene was obtained by
Agrobacterium-mediated transformation. To identify nicotianamine
synthase gene in rice transformants, genomic DNAs isolated from
regenerated plants were amplified with PCR primers designed from
nicotianamine synthase sequence. One hundred fifty plants detected the

expected band of 550bp.

(3) A total of 22 regenerated plants with pCS gene was obtained by
Agrobacterium—mediated transformation. To identify citrate synthase
gene in rice transformants, genomic DNAs isolated from regenerated
plants were amplified with PCR primers designed from citrate synthase

sequence. Thirteen plants detected the expected band of 900bp.

(4) RT-PCR analysis was carried out to detect the gene expression of

NAS and CS in transgenic rice plants. A wild type plant did not
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identify mRNA in the RT-PCR analysis, while transgenic plants
detected clear mRNA bands showing the expression of NAS and CS
genes. The gene expression compared to promoter between 35S5-NAS
and ubiqitin—-NAS was almost similar each other, but it was higher in

transgenic rice.

(5) To detect the amount of mRNA expression in transgenic plants,
transgenic and wild type plants were evaluated by real time-PCR. A
wild type plant did not show any amount of mRNA in the RT-PCR
analysis, while transgenic plants, line 2-1, 3-1, 4-1, and 5-1, detected
large amount of mRNA showing the expression of NAS and CS genes.
Especially line3-1 detected the highest amount of mRNA expression.
Transgenic rice plants with pCS showed the similar results, but the
expression level was relatively lower than those of the transgenic rice

plants with pNAS.

Section 3. Iron uptake and its translocation in rice plants

(1) The S/R ratios were increased from 15 DBH to harvesting stage. They
were appeared differently between two rice cultivars; Donganbyeo had lower
S/R ratio with increasing the application amount of Fe, whereas Hwashinbyeo
had higher S/R ratio. At the harvesting stage, the S/R ratio was highest with
25 at the treatment of 20 ppm Fe in Donganbyeo, it was highest with 33 at

the treatment of 40 ppm Fe in Hwashinbyeo.

(2) Photosynthetic ability was higher in Donganbyeo than that in Hwashinbyeo,
showing that it was not clearly different among the application levels of Fe,
Donganbyeo had the highest photosynthetic ability with treatment of 20 ppm
Fe, while Hwashinbyeo had lower photosynthetic ability with increasing the

application amount of Fe.
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(3) Fe contents of plant tissues were different significantly between two rice
cultivars and among different growth stages. Comparing Fe contents of plant
tissues in heading and harvesting stages of Donganbyeo, it was appeared to be
higher with ordering of the root, leaves, culm, and panicle at the heading
stage, while it was showed to be higher with ordering of the root, culm,
leaves, and panicle at the harvesting. In Hwashinbyeo, the Fe content was
appeared to be higher with ordering of the root, leaves, culm, and panicle at
two growth stage. At the harvesting stage, Donganbyeo contained higher Fe
content than did Hwashinbyeo; the Fe contents in panicles of Donganbyeo
were 94, 144, and 140 ppm with application levels of 0, 20, and 40 ppm Fe,
respectively. Those of Hwashinbyeo were 84, 105, and 117 ppm.

(4) The uptake amounts of Fe were shown differently between two rice
cultivars of Donganbyeo and Hwashinbyeo. The uptake amount of Fe in
Donganbyeo was highest with treatment of 20 ppm Fe from the heading
growth stage to the harvesting stage compared to those of others. On the other
hand, it in Hwashinbyeo was highest with treatment of 40 ppm from 15 days
before heading stage to 15 days after heading stage, showing not big different

contents compared to those in 20 ppm Fe.

(5) Translocation amount of Fe in ordering of root tips, mature root, mature
leaves, culm, and panicle was calculated to be decreased clearly in both rice
cultivars, showing that Donganbyeo was slightly higher than that of
Hwashinbyeo except for the Fe amount between root and mature root. The
translocated Fe amount at 15 days before between root and mature root was
about 42 and 50 of Donganbyeo and Hwashinbyeo, respectively. it between
culm and panicle was about 9 and 8.5 of Donganbyeo and Hwashinbyeo,

respectively.

(6) In Donganbyeo, soluble protein contents of panicle at the harvesting stage
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were about 0.58, 0.70, and 0.80 % with treatments of 0, 20, 40 pm Fe,
respectively. They were about 0.32, 0.78, 0.50% in Hwashinbyeo.

Soluble protein contents were significantly different between cultivars and
among Fe levels. Also, the interaction effect between cultivars and Fe

treatments was statistically approved with the soluble protein content.

(7) Subunits of ferritin was detected to 21, 24, and 28 kDa in leaf tissues at
15 days before beading stages of two rice cultivars by treatment of iron. The
subunits of ferritin detected from 21 to 28 kDa were found at the heading, 20

days after heading, and harvesting stages.

_19_



CONTENTS

Contents ———————"——————

Chapter 1 Introduction-————-—-—-—-——""""""""""""""~"—"—"—"—"—"—"————

Section 1 Research background--------------"--"-"-"-"-----——

Section 2 Research objectives———--———--—-—-"--""""""--—————

Chapter 2 Current Research of Technology Development---—-------

Chapter 3 Contents and Results on Performance of Research and

Development———----=-====="=—=—"="—"———————————————

Section 1 Isolation and characterization of genes related to iron

uptake and translocation-————-——--——-—----"--"-""""""---——-

Section 2 Development of transgenic rice plants by

Agrobacterium tumefaciens ——————————————————————
Section 3 Iron uptake and translocation in rice plants———--—------—

Chapter 4 Future Plan Due to the Results of Research and

Development-———------"----""—""—"—"————————————————

Chapter 5 References———-—----—-----—--—-———————mm

_20_

15

20

24

24

31

32

34

34

56

78



A1F AFAEIALY AR oo

18 AT WRA -

24 AT N 2 U

A2 =l e 4%

I e B e e B e
14 HEFT 3 fde B9 2 54 A4
T
2. AE H -
3 A} R nF -
7} Nicotianamine synthase 3AHEE] 2 F23 A -
1}, Citrate synthase AR 2 FxafA -
Uk NAS, CS #Fd#ke] W d44ge 914 S
gt W HE AgeHe E FF AN

24

24

31

32

34

34

34

36

40

40

46

50

52



Agrobacterium tumefaciens
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n Aol AbsteEloly pH WslsE AE FTEo oAl B HiFol&
Ao =LA 9SS vt (Bienfait 1989; Moraghan and Mascagni
1991).

e dojA HIE] F, olsole 3 7HA Edo]l AAH I Q=
Strategy I ol = Ag 2 =3 W3 o] o] dxpqy A Eo] &ato] He
MEzE HES H9, organic acid, reductants ¢ H'-ions %
Fe'' ~chelate reductase 522 FAH M, Strategy MolE Poaceae 4

A EEo] &3ty ¥ NER HE #9, phytometallopheres®] W&
2 metal-phytometallophere &3 e] F¢ 5o =2 FA %I,  Strategy
Mols RE 152 EE9] £3l+=t microbial metallophore-metal &3+

Az 4] ot

B E 2] Eo|A nicotianamine synthaseix iron uptake mechanismel 4]
FTAA g e AR dHA ded, EvtEAA chloronerva
mutant nicotianamines ¥AASHA| Ktn=z HEo AHS Y 35Hd

intercostal chlorosisE® ¥ozlth. wElA HES JFFE AT
nicotianamine synthase +3#}e] #8&& FQa=Z 3str; (Hong et al

1999).

Gramineaes A|9|3 RE 1A =FES strategy I 55 717 ¢
s Zlow deA vk o FaAee Fe'o &d%s F7H7Y
gl 2@oR H'E #&F3h: A #e HwoA Fe'g Fe'z 39
A7l #4S8 3h= root-specific iron reductase®] #H-gof 2]3le] A

2 WM Y2 FrohE NAew o Forh

_25_



o Strategy I & (29 DolA B M X = standard reductase system}
root—cell plasma membrane reductase?] ¥+ F 52| Fe(lll)-reductasesZ
X35tz =4, membrane-bound Fe(Ill)-reductases®  plasma
membrane®] ZHANA ZES dhE HOEA olF FAAC] Ao H

ol o] g A dFE vE Uk

Figure 1. Micronutrient cation uptake model for dicotyledonous and

nongrass monocotyledonous plants.
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o Strategyll + (28 2)ol-= HE ZY Z7o|A phytometallopherez}

i %F/]% low-molecular-weight compoundsE©°] el EEe] 9] &tc]
A= +=d S-adenosyl-L-methionine (SAM)3} nicotianamineoﬂ o] 3}
cellular methionine . 28 FAH X o] BAELS HE ) A
3o =2 <A 3 hexadentate chelateE & Al gl

K+ —_—
g
 Micrake ) —L. . ATP

2 n:°1‘

H H*

]__,-’ AL s B llllvmnn-u-rl-wr-ullw"h~

- Micribsial Chelsie # 'L"nll".
_ - Piytemetallapoe A A I'l
\—Femn—=-, | ] I II

' Lyirss, Aegising N |

Tl ittt o ham R P
| Pitumetalophery + 4

In{l}
iy MO0 —-—mmuuuﬁ
cuﬂr‘;_,_/‘ \
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.---. T

I/u-mw-un Cheize

| L\ 5 =
S L F e —
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\,.\-n-‘ w2 i 0w
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Figure 2. Micronutrient metal uptake model for grasses.
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o A% BIAAL oste] EFo2RE Fe’'9 Zn” o5 FrE
g Al E plasma membranes 7FE2E# FEA3=  electrical chemical
potential gradientsell ©]3te] o] Fo|X| = ZOREA o] | ML
plasma membraneol] ZA3%¥ H -translocating ATPase (ATP 7}5=%3j
Al Heol&& ZatA aa58 F5 948S ol st ol Fofxitt
(Welch 1994).

A EA N A ferritine HE AAst= wwWA=Z d#x Aok T
ferritin> EA-#Fo] oF 450kDas] Auist dwld = shibe]l 49 i

1=
Ao BE R ALY o A

4500702 ALA=E AZE = &=
o] BE A& YA S ARl

o|\

kA #elo A HEe F4 edS SuA7Ia e FaE A
[e)

o o] &71d B AT & Ao

-

£S5 xylem¥ phloeme& %35}
HEZ2 7] Y3te] Fe(ll)-reductases®} citrate synthase FAxS H
o FAAIA 7L HEELS AFASE dAQl ferritin FHAAE A A7)
#Hl W wffrel] HE AN OEN ek Ao AibsEs v

L.
o8 FFe] §40] A

2) AA ARG H S

H oAl HEe §4 TEHE AT AEAYA F5E HE
o o] EF &S EolE W, AFA7|Ho| ferritin FAAE =Y3Fe] o

A9 ¥ EFL LU QAR W
[e)

o Aol FulaSol FolAw olye] AF Rt FuiHwN 44T
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714, marker—assisted selection
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H2&d =def 7lsiig &

o A7|H e HAESF F719] A - dE Goto & glutelin 74
ZFo] promoter?! GluB-1 promoterE AF&3lo] F ferritin A AS Wl
FAAZ A3 FAAE deo T el HEFEe] 143 mgoldd A
= 381 mgo® F7HAIA 26u1e HEILF FUHE ol F vk ey, A
W FAU glutelin @9 A2 F oA oF 20% A=A I FHES I
Al & ol ferritin G A ] FFE H=3 FFEoR AgE FAow 4
SHAoW ool R mAA FEATh o= oA Hio Ay
Tl AA7] wZel AG7IHA T Aol AW Rew A7
Hrh webA ferritin RS Bloll FAdskete] FA o] HEI S

YA 7171 ¢8| A += Fe(Ill)-reductase?] nicotianamine synthase 7%}
9 citrate synthase F3AE vlo] FAHSFA Do Hlo|A HiE 9
S TUAZI AEAWd §49 dES xylem?} phloems &

=)
sho] Wi o] g71# W AR F Ao|HES sofof T Aoz 4

o Promoter A4 - fdFste] 7bd & #HL FHAA ddFE, F
gl ol sl FARE AAg Al7Ie} B9l HAAA HHE AHES
dEs T of gtt}. o] promoterd] & &olw HAdd promotere] ARE-

of Hujeo] #yolgtir & F Atk Y& Goto T glutelin 2]
promoterq! GluB-1 promoterE A}F-83}9] ferritin A& wlo] Fd W3
g A, FAA dol T4 o] HEsFFol 143 mgeolE S 381
mgo® F7HAA 26w HEFEF F7HE o FATh 1Y, oF 50%9

FEZ HAF AV gite] HxE TAYE avE B
T AT weks AxE A vl EdEE = 3= globulin %
zein A o] promoters AHEete] FAMARFOEN AT AF THS
FAAL 5 S Aom AZEY. 2y, o& promoter% 3 S7HA
T2 2= A EdA AT S AoRE ArmE.
o

~
HYRRYH HESS 713 LH—OJ Fe” reductase
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35, Aihud 2D AEdel AxdE A
Zojt}, watA, fenton WSO 3 =

Seol o &4l
A

rlo

hydroxyl radical ®F-§-©] B ¥ 7] wtol cellular &%

ZHEH ol m} HJor FA A, Ho WA FE (homeostasis)

1 =
Be ATAEe nATH B 4 B wde dx Qon, 4F
o wejel e FFRAE e 3w FHsel AT WFe) olgol F7

A vk B 22 A< pHstel A a7t ol b H dEHE £

I 4w o]l WA A$-(strategy ), B& protond] E7]¢ FHEEA
9 plasma membrane? F=o wa} Fe3+ol A Fe2+2] 74 uwjio EQ
9o A7t SUtE 7] witel He S S 2y el A

(strategy 1), E¥<tolA mugineickt % olE FAHEL Fe 2+ o]29]
q

18 &4 NAE symplast W, ZAF o]
phloem®] &l Al 49| chelatore} &2 7

]
5 dAxe A2 AEAAME H%dd 93s st i HT NA
=



S 3 vt AIEA T T3 strategy II 2 E NATE mugineic acid
o] phytosiderophore®] XS st AFELAZ #E&stal glof H K
Zolal NAS 42 WY 224 EoA vz2A 24d7)se zta doha
sttt 1ge®= & skal, NASE HeR¥ 2 AE EFoA H gAY
zH4s 98 e Fa% Eio]ﬂr NA°] =& Y AE=2A4 A
th Aol inhibition®] & EvlE EdAWolAE ojd A chlorosis7t
Jo Apole A uERbaL, B e} shootell A Heo] I|Jow FA M,
pathway’dol EA8t= FHAAFe] ddF gl AdFol vls] wjg & ¢
Ae Bk wEpA] ojgt 2o viA i xdFd o H =

aE 2 JAlo] SR Z5E HE
s ANdE e xdYES ®olu, wElx FHel uptake wFHY

multicellular 2} &0l A & A eoln tpefst HA=Zo 23] sz lom
A

Mo

o\ o2

iy
9
rE
o

&
o
R

]

L

Al HE A48 = JE= &EAEE nicotianamine synthasel 2 <12 %
Ttk wekd B dAFol e HBe] ZXFE nicotianamine synthase 4 =}
RT-PCR #Hel o &elste] fdA9 +x2& &4 taa gt

Citrate synthase (CS): acetyl-CoA$} oxaloacetate®Z4-E citrate®] &

A& ZujdtE 42 A mitochondria®] £A3tx, TCA 3|24 oA 717

Ll

AoR d#A Ut} (oxaloacetate + acetyl-CoA — citrate
) A E-of A citrate synthase:= "]EZZ= g o}e} glyoxysomes
el sa4ss A don, Al 90kDaelw, wW== 45kDa]
subunit®] #AFE 7F T 2719 dimer ©|th Ed Mg2+9] &3}
o 5] A& glyoxysomal citrate synthaseX tetramersZS 343l 18t
itk o] Bhe glolel A= EAkEFe] 280kDa o] 4] A&

CS HFHAxR Ao dIFS F= we 2HRJEZE NADH,
a-oxoglutarate, 5,5-dithi-obis—(2-nitrobenzoic acid), AMP, ATP, KCl &
o7 4EA Utk AE FE 9 fungio WEZ=gol CS 45 AY
AR 3AAEE T AR dsAdel Wi m=vh adEy A2
glyoxysomal enzyme< eubacterial &4 groupl® EFIHL
proteobacterial ©|1} cyanobacterial®¢] AEAL2 Ao gle AAHo|t}

Aspergillus nigerd] 7Z-¢ Eo]#e AHAZAF A BA2TYUOE sucrose



U glucoses ol&ato] Aujxol H7pstd w9 citric acid7l 54 €
o AN S 2 A%k3]
29 key steploZ AZtE o)A =d olntx I =g A WAl TATE F
ANE Q7] wiEoz AZrEh 2 citric acid A4t dEE w431 E A}
7F Wol AgHolxa glow, §HFA FHel o8] AR HERE o
et = A= gdoeg A vk 18U, citrate synthases
citric acid A 74 2ol F5x2d 71T t$ model o}F Hil
Ha g Zrh B AFo|E Yeast @l citrate synthase @ FA =}

2 clonedste] fraiate] FREAS shax sheivk

>

=
it
X

2. As ¢ Wy
7}. Nicotianamine synthase A%} &2 2 S EY

NEAE @ 2rd, AEZRY, EvtE, 239 FA45 0% dE2=
Z7F EAAEE & 2 w89 Tween 2088 E3A17] 1% 29 A4}
Ex (NaOCD &fo] 2083t A 253 § ddsa 6-73] G486}
z of

A7kl 1443 AFA A

-

S

RNA #37 ¥ nicotianamine synthase 3 %}¢] 3 : 218, EZ
By EvlE 9 FAHWo X 2g5 ©]|&39] Guanidine W (Chirgwin
5 1979922 H RNAE FE3 F oligo(dT)-Z&l 2 poly(A) RNA
£ ZA599 . Nicotianamine synthase #d FdxE SZ317] 3] A}
€9 primers 7|Eo Rad FdAY BFEX Y (conserve region) 2 Full
length®] ATG codon®} TGA codon®| &% forward primer % reverse
primerE FA3dle] AF&3lG Tt (Table 1). PCR y¥Fgo] A&3F Template
T mRNAE A%AF WHEAIA cDNAZ "HE thd o] ¢DNAE % DNA
2 3}o], RT-PCR(reverse transcription PCR) #41& AAslgct. WA *
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g mRNAS 25ColA 1023 v ks Al F 42°Cell A 303

AHAL REEAIZ T 99T ol A 573 e 24 A4S Al7ska, &

cDNAZE template® 3} 95ColA 1¥#3F hot step, 95CelA 1

denaturation, 55C oA 2%3t annealing, 72Col A 4% 7t extension®] I}

< 1 cycle® 3} 353] PCR WH&& AAISA L, 1.5% o7z~ A A

/‘1 SZH WM=E gsta, TZFA4HES TA cloning vector (Promega’l)
3

o cloningd % d71ALS 2239}

tlo
i

o
o

i

7

gl

—

A

o

Hm

G71vlg 2 F5A B4 : TA cloning vectorel cloningd DNAE o] &3}
o fFRzLe] AVwjd e EAEG =, 9719 ¥ Green Gene biotechAlel
o]Fgste] ZAlsIG oM, FAA G S EUE oju it dS AA S
of FHAZ s AdE vlustrt B AEFe] At dede] s
QIE Y S o] &3 Blast (http:/www.ncbhinlm.nih.gov) #Alol] o] dle] Al A
ST

Semi-quantitative RT-PCRS o] &% 7|#d ddYAN 4 : 5y 7
Z nicotianamine Synthase AR B FFs A fleke] Rl e
A, B, 7], )& °]&3t9 total RNA extraction kit (Promega
AHE RNAE %%8}911 o] & template® 3}o] RT-PCR #41& 339
th. RT-PCR 412 $lolA dstadd Wyo=s st on, PCR 2t=9 &

Zl wrE okakol BXM & densitometers Abg3lo] AEHEAl &9l th.

)
>_(4‘
X
[
At
ot
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==
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RNA #3& ¥ citrate synthase &9 £d : g 2L &je FH
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2¢S ©]&3lo] Guanidine®¥ (Chirgwin 5 1979)2.2 A RNAE F=3
¥ oligo(dT)-Z#el 93 poly(A) RNAES ZA3t3Ith  Nicotianamine
synthase ##d FAAE FE317] 98] AFEH primers 7|0l Bad
Aol BEX Y (conserve region) ¥ Full length®] ATG codon® TGA
codon®] &% forward primer % reverse primerS %A 3ol ARE3STH
(Table 2). PCR W&o Al83F template DNAE mRNAE AL ¥H-S-A]
7 cDNAZ WE o5 o] ¢cDNAE 53 DNAR 3}o, RT-PCR (reverse
transcription PCR) &4 & A ARt WA ZA 3 mRNAE 25ClA] 10
3 me whEE A $ 42T A 3023 A WEEAZ T 99Tl
A BRI gE g4 A4S AAG, §43 cDNAZ template® 3}¢]
95Tl A 183+ hot step, 95ColA 187 denaturation, 55CelA 287+
annealing, 72Col A 487t extension A4S 1 cycle® 3ol 353] PCR W+

1
=< /\]}\]O]')\}\—]— 1.5% 01'7]'3/\ A /Kl—oﬂ/\ﬂ TEE W=E ¢ 3}

glslar, &
=)
Es 4

AHES TA cloning vector (Promegaih)ell cloningdt ¥ <7]
[ex]

g718E 2 AF5A A : TA cloning vectorel cloningd DNAZ o] & 6‘}
o] FAFe A7l E L Green Gene biotechAtoll o #alo] FALals om,
A A7) EdS EYQE ofn A de AA5 o] SAR AEA B
S1EJYlS o] &3 Blast (httpy//www.ncbi.nlm.nih.gov) #2Jo &3] 2 4]
st

Yeast 3 citrate synthase 3 A} : Yeast 2 citrate synthase %

A= 2ggistn n ety Wug AFAd A plasmidtkdxoE E3wro}
MAEE 2 FTHAIE F79 primers #4389 PCRS 33 th PCR
ZAL 95T A 157F hot step, 95Tl A 183t denaturation, 55Ceol A 2
E7F annealing, 72Col A 483t extension A4S 1 cycle® 3}e] 353]
PCR W& AAIBIAAL, 15% op7kR 2 A oA FEe Me=s gels)
1, %% DNAZ TA cloning vector (Promega’h)ell cloningdt % 7]

M-S EH4sAT

re

o2
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th NAS, CS Fad#ke] B A< 944 24l

Intercross -+ oA nicotianamine synthase % citrate synthase
FAAe] AAAY AAE AAS 7] Y5le] W23 E REoR il 7]
IH FRowg 3o wwl $A3 recombinant inbred dFwhel W ak23/

ZlzH F11 A9 164 AS< %%8}04 A 71 AFAAAEE o]

=

43} nicotianamine synthase % citrate synthase @Ak A A A £

CEENT

ehoB A dEEE 24

o e FIE A7stn dAvjE FEelA wA 4% ¥ FIHE=E
0.5 gram< Fdtol FF4F bmle H7bstal, Al® 2 e 5

23

24 N Ao BAs . EalAldlE EE FXIA17]7] flste]l 34

w4 7tk AlE7E A FEsiAE WA 4~-543F &t

3}

Hm

ﬂ
ml mass flaskol] J¥AZl t}ES 100 ml2 F9& 9 & 1"%7]/‘35‘ =
fAo g o] L3 A Fe L F7|AE 44 045 upM membrane filterS

E9 A A ICPE EA35F4 ).

"
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3. 2% € nZF
7}. Nicotianamine synthase 32 28 9 Fxa) 4]
1) Nicotianamine synthase (Fe® reductase) 54z} 2 Fx3]A

152 EA  Fe'  reductased] #oIEE  &4FE  nicotianamine
synthaseZ A 2E 2 EoA HE S43=d #Aostes Aoz B Ho
AT} o] i AE g <o A Fe’'/phytosiderophore B34S &35
= AARA 2R AEdodA FHA7E cloning®H o] FREA B 7S]
deA] Qlch weEtA 2 Ago|a] HAHog = F%AFS] nicotianamine
synthase #AAE ﬁcﬂ 171 §18te] 71 €3EF {FA-AES] coding
region®t 99 HARE F&3lo] primerE TtlAClsle] 2HE, ANEZRY,
EvlE F3H 9 %3194 e frel cDNAE o]&ste] PCR £4& 36t
A Th.

NS 0 primerg 7F# 3 PCRES a3t A7 SR NAE dds= 2
717 &35t oy, ©¢d band®Z YERUA &kt (Figure 1). NS 1O
primer7} multizZ A 2o dojdt Hdolet Az Eo] PCR 5% DNAE
7FA 2 22 PCRS F33ste] 213 A3t Fd primerol A= 54 band’t
352 At (Figure 2). whabA], oA F2¥ 986bpe] TS Gene
Clean Kitg ©]&3ld gel24%H AFE3t9 PCR Cloning Kitol] <3
cloningsle] 71l S EA st 4% clone NCBIS] BLAST ~ &
& AR&3Stel homology #HME AAlEAT EAZ3 w9
nicotianamine synthase %9 DNA 4714492 986bpolH, =47 =S
EgFsto] 328709 opvesto® A H AT (Figure 3). o] <zl #4
AHE 3] ofu At AsAds vl A W ekE 87%, STTee 80%,
Bl o= 99%9 AedS Bt (Figure 4).
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Table 1. Primers for amplification of nicotianamine synthase gene.

Primer Name Sequence
Forward |5'-|ATG GAT GCC CAG AAC AAG GAG GTC |-3'
NS 1
Reverse |5'-|TCA AAA GGC CAG CTC TTT GGC GGT |-3'
Forward |5'-|ATG GA/CT/C CAG AA/GC AAG/C G/AA |-3'
NS II

Reverse |5'-|TCA G/AAA GGC CAC TTC C/GGC G/CTT |-3'

M 1 2 3 4

1.5kb  —p

0.94kb —p

0.56kb —p»

Figure 1. DNA band patterns amplified with NAS II by RT-PCR. 1 :
Olbori, 2 @ Seodunchalbori, 3 : tomato 4 : Chucheongbyeo
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1.5kb  —p
0.94kb —p

0.56kb —p

Figure 2. DNA band patterns amplified by RT-PCR with primers as
follow, 1 : NSIO Forward, 2 : NSI Reverse, 3 : NSII

Forward+Reverse.
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atggatgcccagaacaaggaggtcecgetgetetgatcecgagaagategeeggtateccaggee 60
M DAQNZ KEVAALTETZ KTIAGTINGQA
gccatcgeecgagetgeegtegetgageeecgtecceegaggtegacaggetettecacegae 120
AT AELPSLSPSPEVDRTLTFTD
ctcgtecacggeetgegtecegecgagececegtegacgtgacgaagetcecageccggageac 180
LvTACVPPSPVDVTI KTLSPEH
cagaggatgecgggaggetcetcateegettgtgetecgeecgeecgaggggaagetegaggeg 240
Q R MREALTRILTCSAAETGTIKTLEA
cactacgccgacctgetegecaccttegacaaccegetegaccaccteggectetteceg 300
HYADULULATTPFDNPLDUHILGTLFP
tactacagcaactacgtcaacctcagcaggetggagtacgageteetggegegecacgtg 360
Y Y SNYVNLS SRILEYETLTILARIHY
ccgggeategegeecggegegegtegeettegteggeteeggeecegetgeegtteageteg 420
pPG¢GI APARVAFVGSGPLPFS S
ctegtectegeegegeaccacctgeccgagacccagttegacaactacgacetgtgegge 480
L VLAAHHLPETAOQQPFDNYDLCG
gcggecaacgagegegecaggaagetgtteggegegacggeggacggegteggegegegt 540
AAANERARIKTLZFGATADTG GV G AR
atgtcgttccacacggeggacgtegecgacctecacccaggageteggegectacgacgtg 600
MmSFHTADVADTLTAGQETLGAYTDYV
gtcttectegeegegetegteggeatggeagecgaggagaaggecaaggtgattgeccae 660
vV FLAALVGMAAETETZ KA AZKVIAH
ctgggegegeacatggtggagggggegtecetggtegtgeggagegeacggeeccegegge 720
L GAHMVEGASTLVVRSARZPR RSEGE
tttctttaccccattgtegaccecggaggacatcaggeggggtgggttegaggtgetggee 780
FLYPTVDPEDTIRIRSGSGTEFEVLA
gtgcaccacccggaaggtgaggtgatcaactetgteategtegeecegtaaggecgtegaa 840
VHHPEGEVINZSVIVARZI KAVE
gcgecagetcagtgggecgeagaacggagacgegeacgeacggggegeggtgeegttggte 900
AAQ L SGPQNGDAHARGAV P LYV
agcccgecatgecaacttetccaccaagatggaggegagegegettgagaagagegaggag 960
S pPPCNFSTI KMEASALTETZKSEE
ctgaccgccaaagagetggecttttga 986
L T AKETLATF

Figure 3. Nucleotide and deduced amino acid sequences of

nicotianamine synthase gene isolated from Hordeum vulgare.
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HVAS
RNAS

HVAS
RNAS

HVAS
RNAS

HVAS
RNAS

HVAS
RNAS

HVAS
RNAS

Figure

MDAQNKEVAALTEKTAGIQAATAELPSLSPSPEVDRLETDLVTACVPPSPVDVTKLSPEH 60
MEAQNQEVAALVEKTAGLHAATSKLPSLSPSAEVDALFTDLVTACVPASPVDVAKLGPEA

QRMREALIRLCSAAEGKLEAHYADLLATFDNPLDHLGLFPYYSNYVNLSRLEYELLARHV 120
QAMREELIRLCSAAEGHLEAHYADMLAAFDNPLDHLARFPYYGNYVNLSKLEYDLLVRYV

PGIAPARVAFVGSGPLPFSSLVLAAHHLPETQFDNYDLCGAANERARKLFGATADGVGAR 180
PGIAPTRVAFVGSGPLPFSSLVLAAHHLPDAVFDNYDRCGAANERARRLFRGADEGLGAR

MSFHTADVADLTQELGAYDVVFLAALVGMAAEEKAKV IAHLGAHMVEGASLVVRSAR-PR 240
MAFHTADVATLTGELGAYDVVFLAALVGMAAEEKAGV ITAHLGAHMADGAALVVRTAHGAR

GFLYPIVDPEDIRRGGFEVLAVHHPEGEVINSVIVARKAVEAQLSGPQNGD——AHARGAV 300
GFLYPIVDPEDVRRGGFDVLAVCHPEDEVINSVIVARKVGAAAAAAAARRDELADSRGVV

PLVSPPCNFSTKMEASALEKSEELTA-KELA 332
LPVVGPPST-CCKVEASAVEKAEEFAANKELS

4. Comparison of the amino acid sequences of nicotianamine
synthase. Deduced amino acid sequences for Hordeum vulgare
was compared with the multiple alignment program CLUSTALW
version 1.7. RNAS; nicotianamine synthase from rice (accession

number AB023818).
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2) H.g]7] o] A nicotianamine synthase®] =& FA¢
B8 nicotianamine synthase TR THGASS Doty 93

o] semi-quantitative RT-PCR W¥ S A3ttt 2 A3 Figure 59 o

Elinle} o] o 9 & 51401]/‘1% HE =] egront, F7] 2 e ol A

=
HHEE AS = F AT 53 FHzAolA FE 2 Hel=

pud

o

’

N

=
2 82 v EdoA HAES 55 wof nicotianamine synthase’} 2H-&3}

B 9eg A

947bp
831bp

564bp

Figure 5. Expression analysis of nicotianamine synthase (NAS) gene in
various Hordeum vulgare organ by semi-quentitative RT-PCR.

M, Molecular marker, F; Flower tissue, S; L; leaf, R; Root.
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1}, Citrate synthase FA#} £ 2 F+Z234

A1
ai

i

1) Citrate synthase x| &2 2 F+x

Citrate synthase ##A= W, Arabidopsis thaliana®t B¥] Sl A
Hago] Aok webd 2 AdoAN HHom sk FHAQD citrate
synthase A xZ cloningdl”] $3te] 71&d] A FHAEY coding
region 99 AREZ &3] RT-PCRE primerE A #éte] (Table 2)
A% Ay full length® CS 1, CS I primerdlAE SZAES A5
St a8y 92, Arabidopsis thaliana®t ©el9] citrate synthase
ZF9] conserve regions ©]-8&3o] CS M Primerol A 93 &l
Aels FE MRS AQ oY Arabidopsis thaliana®) 4= band’} &3
Al g skth (Figure 6). kA o5 Ab=9] dA7mMds AN 23 7| &
| del FAAER 89%%t 98% 9 FEAHE Kol AS WFo = o
= 2 Tl e citrate synthased S &9l & & . wE I
?f full length DNAS 7] flste] 2=AE A7Ivid& Ei2 5 RACE
primer % 3 RACE® primerE 3tA3ste] PCR ®43% Az G
citrate synthase® 1,419bpe] DNA @7]4 4SS dow ol EX3E
FEokate] 472709 opwl=Atom g EH o] AT (Figure 7).

e & Jg o
L)
Lo
&L oo Fo off

o
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Table 2. Primers for isolation of citrate synthase gene by RT-PCR.

Primer Name Sequence

Forward |5'-|ATG GTG TTC TTT CGG ATG GTT T -3
CS 1

Reverse [5'-|TCA AAC TTA AGA AGA TTT -3

Forward |5'-|ATG GTG TTC TAT CGC GGC GTT TCT|-3'
CS I

Reverse |5'-|TCA GTC TTT CTT GCA ATG GTT CTC|-3'

Forward |5'-|TGG GAA ACC TCT/A TTA CTT GAC C |-3'
CS II

Reverse |5'-|GCT AAA CCA TTT AAT/A GCA GC -3

M 1 2 3
1.5kb —p»

0.94kb —p

0.56kb —p»

Figure 6. RT-PCR analysis for cloning of citrate synthase gene. M,
molecular marker, 1: Daucus carota. 2: Arabidopsis thaliana, 3:

Tobacco.

_47_



atggtgttctttcggagtgtttegetgettaacaagetgeggtetegggetgttcageag
MV FFRSVSLILNI KTILIRSI RAVQAQ
tcgaacctcagtaatacagtgegttggtttcaagtgecagacctecgettetgatctegat
S NLSNTVRWFQV QTS SAST DTLD
cttcgttctcaacttaaggagectgattccagaacagcaggagecggattaaaaaacttaaa
L RS QLK ETLTIUPEZ QQET RTIZIKZKTILK
gcagaacatggaaaggttcagetgggaaacataactgttgatatggtacttggeggtatg
AAEHGKVQLGNTITTVDMVLSGS GHM
agagggatgacaggacttctatgggaaacctctttacttgacccagaagagggaattcge
R GMTGLTLWETS ST LTZLUDUPEETGTITR
tttagggggttgteccatacctgaatgtcagaagectattaccaggagegaageeceggtgga
FRGLSTPET CQ QI KT LTLUPGATI KTPGS®G
gaaccattgcctgagggtctgetetggettettttaactggaaaggtaccaactaaagag
EpPLPEGLTLWLTLTLTSGTI KV PTKE
caagtagatgcattgtccgcagagttgegaagtcgtgetgetgtaccagagecatgtatac
Q VD ALSAETLU RS SIRAAVPEWHUVY
aaaaccatcgatgecgttacctgttacagectcatccaatgactcaatttgecaactggtgte
K T I1DALU®PVTAHPMTAGQFATGYV
atggccctccaggttcaaagtgaatttcagaaggecatacgagaaagggattcacaaaaca
MALQVQSEFQKAYEZKGTIHTI KT
aagtattgggagccaacatatgaggactctattactttaattgctcaattaccagttgta
K'Yy wWE®PTYEDS STTTZLTIAQLPVYV
gcagcttatatctatcgecaggatgtacaagaatggacaaagtatatccacggatgattct
AAAY I YRRMYIKNGAQS I S TDTDS
ctagattatggtgcaaactttgcccacatgettggttacgatagtecccagecatgecaagag
L DY GANTFAHMTLTGYU DS SUPSMAQE
cttatgaggctttacgttactatccatactgaccatgaaggtggaaacgttagtgecteat
LM RLYVTTITHTUDHET G GNVS AH
actggtcatctagttgcaagtgecctttcagacccatatctttettttgecagetgeatta
T G HLVASALSUDZPYTLST FAAATL
aatggtttagcagggcctettcatggtttggecaaatcaggaagttttgttatggatcaag
NGLAGPILUHGLANOG QEVLTLWTIHK
tctgtggtttccgaatgeggagaaaatgtaactaaggaacaattgaaagattatatetgg
S v.v S ECGENVTI KEZ QLI KT DYTIW
aaaacattaaacagcgggaaggttgttcctggatatggacatggtgttetgegtaacaca
K T LNSGKVVPGYGHGVLURNT
gatccaagatacatatgtcagagagagtttgctttaaagcatttacctgatgatccacte
DPRYTCQ RET FALZIKUHTLUPDDFPL
tttcaattggtttcaaacctctttgaagtggtgcctectattecttacagaacttggecaag
FQLVSNLVFEVVPPTITILTETLGHK
gtaaagaacccctggccaaatgttgatgeccatagtggggtactgetgaatcattatgge
VK NPWPNVDAHS S GV LILNUHYSG
ctaacagaagccagatattatactgttctctttggagtatcgagggecattggtatttgt
L TEARYYTVLUFS GV SRATSGTISTC
tctcagetggtatgggacagagetettggattaccacttgagaggeccaaaaagtgttaca
S Q LvwDIRALSGLU®PTLEI RPZEKSUVT
atggaatggcttgaaaaccactgcaagaaatcttcecttaa

M EWILENHTCI KK S S -

Figure 7. Nucleotide and deduced amino acid sequence

synthase from Daucus carota.
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2) Saccharomyces cerevisiae +3 citrate synthase

Saccharomyces cerevisiae -8 citrate synthase® Zdoistul 1| Ay =8}
I W Aol BEoFukgktl Saccharomyces cerevisiae2] citrate
synthase FAA= & 1530bpE £Z2FA =S E35lo] 509719 ofw] Ao

2 FA4 =] 9t} (Figure 8).

. atggagatatcagagagagttcgagctcgattagctgttctctcaggtcatttatcggaa

M E | S E R V R A R L AV L S G H L S E
61 (Qgaaaacaggattctccagcgatcgagcgatggtgcacgtcggcggatacgagtgtcgea
G K Q D s P A | E R W C T S A D T S V A
121 ccgcttggatctttgaagggaacactgacgatcgtcgacgaacgcaccggaaaaaattat
P L G S L K G T L T | \% D E R T G K N Y
181 aaagttccggtctcagatgatggtaccgttaaagccgttgatttcaaaaagatagtgacg
K Vv P \% S D D G T \Y K A V D F K K | v T

241 gggaaggaagacaaggggcttaagttatacgatccaggttacttgaacacggctcctgtt
G K E D K G L K L Y D P G Y L N T A P \%
301 Ccgatcttcgatttcttacatcgatggagatgaagggatccttcgttaccgtggctaccca
R S S | S Y | D G D E G | L R Y R G Y P
31 attgaggaaatggctgagaacagtacttttctggaggtggcttatcttctcatgtatggg
| E E M A E N S T F L E V A Y L L M Y G
421 aatctgccctctgaaagtcagctatctgattgggagtttgcagtttctcagcattcaget
N L P S E S Q L S D W E F A \% S Q H S A
481 gtgccacaaggtgtattagatattatacagtctatgcctcatgatgcacacccaatggga

\% P Q G \% L D | | Q S M P H D A H P M G
541 gttcttgtgagtgcaatgagtgcgctttccatctttcatcctgatgctaatcctgcectctt
\% L \% S A M S A L S | F H P D A N P A L
601 aggggccaggatatttacgattcaaaacaagttagagataaacaaattatccgcattatt
R G Q D | Y D S K Q VvV R D K Q 1 | R | |
661 ggaaaggcaccaacaattgcagcagctgcttatctgaggatggcaggaaggcctcctgtt
G K A P T | A A A A Y L R M A G R P P \%

721 Ccttccttcaggaaaccttccttatgcagataatttcctctatatgcttgattccctggga
L P S G N L P Y A D N F L Y M L D s L G
781 @aatagatcctacaaacctaatcctcggctggctcgggtgttggacatcctcttcatactg
N R S Y K P N P R L A R V L D | L F | L
841 catgcagagcatgaaatgaactgctccaccgctgctgctcggcatcttgcctctageggt
H A E H E M N cC s T A A A R H L A S S G
g9gp1 Ottgatgtctacactgctgttgctggagctgtgggagecgctttatggtccacttcatggt
\ D VvV Y T AV A G A V G A L Y G P L H G
961 ggtgcaaacgaggctgtgcttaagatgttgtcagagattgggactgttgaaaatattcca
G A N E AV L K M L S E | G T \Y E N | P
1021 Dagttcattgagggtgtgaagaacaggaagaggaagatgtctggttttggacaccgtgtg
E F | E G \% K N R K R K M S G F G H R \%
1081 tacaaaaactatgaccctcgagctaaagtcatcaagaacctggctgatgaagtattttce

Y K N Y D P R A K \% | K N L A D E \% F S
1141 attgttggaaaggatcctctaattgaggttgctgttgcacttgagaaggcagectctctct
| \% G K D P L | E \% A \% A L E K A A L S

1201 (gacgattactttgttaagagaaagctgtatccaaatgttgacttctactctggattaata
D D Y F \ K R K L Y P N V D F Y S G L |
121 tacagggcaatgggatttccaccggagttcttcacggtcttattcgcgattcctcgceatg

Y R A M G F P P E F F T \ L F A | P R M
1321 dctggatacttgtcacattggaaagagtcactggatgatcctgacaccaagatcatgaga
A G Y L S H W K E S L D D P D T K | M R

1381 Cccacaacaggtgtacacaggcgtgtggctgaggcattacacaccagtgagagagagaata
P Q Q V Y T G V W L R H Y T P Vv R E R |
1441 dtgacggatgactcgaaagagtcagacaaattgggtcaagtcgcgacttcaaatgcatca
v T D D S K E S D K L G Q VvV A T S N A S
1501 @agaagacgtttggctggatcttcagttta
R R R L A G S S Vv .

Figure 8. Nucleotide and deduced amino acid sequences of citrate

synthase from Saccharomyces cerevisiae.
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Figure 9. The chromosomal location of nicotianamine synthase

(OsNAS) and citrate synthase (OsCS) genes on the molecular
map with the Milyang 23/Gihobyeo population consisting of 164
RILs. Map distances on the left are given in cM (Kosambi

function).
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Table 3. Iron contents of grains in Korean rice varieties (unit:ppm).

Cultivar Iron content Cultivar Iron content
Jodongji 373 Dongjinbyeo 30.9
Hwashinbyeo 242 Chucheongbyeo 25.9
IImibyeo 21.1 Hwaseongbyeo 30.3
Seojinbyeo 21.7 Janganbyeo 28.0
Hwasambyeo 29.7 Geahwabyeo 25.7
Nonganbyeo 31.8 Ilpumbyeo 27.6
Juanbyeo 38.5 Seoanbyeo 28.3
Ansanbyeo 37.5 Daeyabyeo 28.0
Donganbyeo 30.6 Hwanambyeo 26.4
Daesanbyeo 30.1 Daeanbyeo 27.1
Dasanbyeo 373 Gumnambyeo 24.2
Hwasunchalbyeo 37.0 Hyangmibyeo 2 38.6
Damagum 28.0 Yanjobyeo 314
Jungsangeunbangju 33.0 Daeripbyeo 1 30.6
Paldal 46.0 Odaebyeo 38.1
Jinheung 354 Gumobyeo 353
Nagdong 46.6 Gumobyeo 2 34.9
Tongil 37.9 Obongbyeo 314
Milyang 23 40.0 Jinmibyeo 34.1
Jungwonbyeo 343 Jinbubyeo 50.3
Yongmunbyeo 38.3 Junghwabyeo 353
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4. 23 Q%

HEZ4 B3 52122 nicotianamine synthase £AAE2 Egs7] 9
sle] 7)Eo] dHZ FHAAEY coding region H-919] HAHE %"%6}04
primers HARIGte] W, MEZR Y, BEvtE FHH FRHo|
&l cDNAE o]&3te] PCR #4& a3 Ay HIFHY
nicotianamine synthase -3 A+¢] DNA 97| 49& 986bpoln, =4
£S ¥33to] 328709 olmgto g FA AT ol & FA }%
do] opw gl AEAS Hlagk A H o= 87%, ST 80%, K
2l oh= 99%9] FEHe BN

kd

o

B 2% nicotianamine synthase fd#Fe] T&HSFLS Lol 7] $3}
o] semi-quantitative RT-PCR W& Ab&ste] 4% 2y 7] ¢
oA wdxE S AT F Ao 5

2]
TS BTk

¥
ol
4=
ACh
BN
iy
=
X
o
rob

WA EZ9 o]Fo FIHAH [FHAAQ citrate synthase FHAE
cloningdl”] $sle] W, Arabidopsis thaliana®t wulel citrate
synthase A 2}¢] conserve regions ©]-&3dte] A|2+3k Primers o] &
o] RT-PCRel ¢3te] @@ citrate synthase® 1,419bpe] DNA
A7NAEE Ao o FAIZES EFst 472709 o ito =

T4 Atk

Nicotianamine synthase % citrate synthase 2 #+¢] B AAA 9%
ARE A7) flste "W23/715W Fl1l RI fAASE 7HA 3 243
712 BAFHAARAES o] 839 nicotianamine synthase®} citrate
synthase F32te] B @A o] AAE EAFHAAAE 2
A3} nicotianamine synthase A2} OsNAS1¥ OsNAS2+= H 3W
A o] o] RM7 ol #1x8k3 3L OsNAS3= W 79 G449
GR91e] C213% 7H7ke el fAsFS k. ¢k, citrate synthase %

T 1= ¢4
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FAzFe] FAAZ ] ALEE FFE PAL4404= A Agrobacterium
tumefaciens strain LBA 4404= Host strain® = 3l FAAZ A EA =

Aursl = 9lE FAHAAE Hygromycin(Hyg)ZE Ti plasmid®] T-DNA

border sequence Alo]el] 7} Fzxo|t}
. NAS, CS Fdx59] A& A4 iy 44

NAS, CS F2x59] JAAsE AENEH= GFP 2 GUS assays &
F A= vectorél KJGV-B2 ¥ KJGV-B3Z A&3}4 ). Promoters 35S
(KJGV-B2) ¥ ubigitin (KJGV-B3)& ©]&3te] F+=38t3ith ©]5 Vector
+ hygromycin A&4S 7F FHA7} left border Gl EAlste], 4
F Auk mpAR ALEE 4= Qth ClonedtE o] & NAS % CSHAAE
bluntg}ste] KJGV-B2 % KJGV-B3 vector Wol &3t Smal siteol
cloning3dle] 35S 9@ ubiqitin promotor®] A Hjsle] LIHAFHLEE FP o
terminator=24  ArbcsE AR&StY] FAA FHAHE wHE At

(Figure 1).
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Figure 1.

Nos 358
poiya f Gfp::GUS| 35S P 35S P Arbes—35S P | Hgr jooiya
A T A

Hindll BamHIPacl EcoR1
I
Smal
Nos . 358
poiya K Gfp::GUS[35S P Ubimi-P Arbces—135S P ng poly A
T 7'
Hindll BamHIPacl EcoR1
1
Smal

Ti-plasmid vector for construction of genes encoding

nicotianamine synthase and citrate synthase in rice.
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t}. Agrobacteriums ©]-§3 NAS, CS fFdzke] JdA 3

T+ PAL4404= 7FR Agrobacterium tumefaciens strain LBA 4404
£ Host straine.2 3la FAAZ AEZAE Aded 5 Jd= TAFAA
Hygromycin(Hyg)S Ti plasmid®] T-DNA border sequence A}elel] 7}x
TS AHEEAT e T4 # AlTHAE 984 Hygromycin (50mg
/2, Sigma)¥} Carbenicilin (25mg/ ¢, Sigma)°] H7}¥ LB aAwA (1%
Bacto peptone 0.5% Bacto-yeast extract, 1% NaCl, 15g/¢ Bacto agar)®l
Aoghd rA o R Adiuidsta A (26£1°TC, HAE) aAuiA] el F A
single colony® HZ%5 2% 3 & Kanamycin(50mg/ ¢ )3} Carbenicilin
(25mg/ ¢ )& i3t LB A Aol A 120 rpm o & 24413t F el g o
B o] 78] 2~ 9} co-cultivation 39T}

TAYY HEFEo] FUHAHE FH EFEY & MS7] ) #] 9
24-D 2ppmE ¥ callus wiA|ol FAE5 "Wt & A4ste] callusEs F%=
s

st on, o] callusE FAHIE FAA
Hl9} 7+o] cointegration system<

Agrobacteriums  Acetosyringone 22 H|AY Fo 2d43F AAA
OD=1.0%= Z=A§ dE Ho 52
2 AAsFe], FEFW E<F FFAlzl ¥, Carbenicylin 500ppm< A 73
MS7]|Zuj x| o] 387F A A A, &9 Agrobacteriums AAS & Ak
A (MS  Z]EujA]e]  24-D 1ppm, 50mg/l Kanamysin® 100mg/l
Carbenicylin, 2mg/l Acetosylingon< $H-f-3F Hj#])oll & ZHt}. o] &5 A1)
Ao BEDHA callusE A3 #lA o A AEFE FE=&AUTt AR
d AEAE MS 7129 Ad &4 £stdAS T Ao FAAJAE

ol gate] A B 2 wuEEoR AL

)
)
iy
>,
N
ot
Q2
Me

O
o)
S
2
tjo
2
X,

gt FAAEATE A2 2 FHAE] =9 F<l

b
d

Azt Azl NAS, CS fridate] mheli-S 2R1shy] 918k,
e olAat7] Hel 50mg~100mgel %S Ak AHIF A&



15ml tubeell ¥ i1, HstALE o] &dto] ¥ A Wi $ DNA F=8&f
(200mM Tris-HCI pH 8.0, 500mM NaCl, 25mM EDTA, Sodium bisulfate
0.38g/100ml) 1mlE #H7}ste] HHo=zm ZH 33y g2o=
Chloroform : isoamyl alcohol (24:1) 1ImlE F7}ste] 1083 E50 2 &
& s 3500rpmez2 103F AR sl dede 2 F &
2ke] phenol : chloroform : isoamyl alcohol (25:24:1)2 Z7}3}e] 103
o & %, 12,000rpmell Al 5&3F A4 E2] st ds s Al

Sml tubeo] 27 thg 2409 RNase(10mg/L)E ¥ 12 37ColA

H-S-Al T 2/3~1 volume?] isopropanolsS #7Fste] DNAE &5
12,000rpm .2 1027+ 4 este] DNAE JAA 5, 70% o
A ske], 12,000rpm e 2 5&3F sttt A5 S #2lal DNA
FTAAZ tE 70ue] TE DNAE =94 PCR Aol AF&3F3th
FE3% DNAE 10~-50W=2 33 b5 A5d 20ngs F3dte] PCR 24

ol 1o

(ot

=
1

w
o
AL
U

D: [1{0

l
muf =
o T

oo
2

h

Ll

PCReoll A}&3F primere =93 NAS 2 CS fAAE Bo|¥oz F=
g 4 EE design$t primergS o839t PCR W32 94Tl A
587t hot step, 94TCoA 183t denaturation, 60CeolA 1&E7+
annealing, 72ColA 1#7F extension #}48& 1 cycle® 3t 35 cycleS &+
g3ldar, 72Tl 5837F A H; extensione A AlstY] FEHER o 1%

agarose gel FolA F72Le] =UARE A7 Fol o5t &35t
v}, RT-PCR ¥ realtime PCRol] &3 W& A

1) RT-PCR

Total RNA 10 pgS template® 3Fo] first strand cDNAE
SuperScript™I  (Invitrogen, USA)E o] g3}9 A4}t Second
strand®] Z=Z& NAS % CS primer, Taq polymerase(NEB)< o] &3}
GeneAmp PCR system (Perkin Elmer Applied Biosystem, USA)o|A %
] HHog 3 5‘]'03"4'. PCR Hbgx72 HATolA 333
predenaturation A7l ¥ 94Tl A 30%, 55TColA 30x%, 72T 28 1
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cycle® 3o 30 cycle 335 9157— upA ko 2 72T A 1023 HE A
AN EE 3Gt HE PCR AHES 1% agarose geldolA A7dso=
23k ethidium bromide= Oé/‘_ﬂ & 3lo] #ola gt

2) Realtime PCR

A A e THFS &7 Y8t probes 5T FAMI} 3o
Tamra® labelling(GENESET Singapore Biotech Pte Ltd.)3dt3 o™, =<
Sk fFHA}e] Bojxog FET 4~ Q)&= primer setE ZHZF ATl 4
AE e FZAE LS ok 150bpE TagMan PCRS AM&3F1t}.

PCR ¥®¥F&2 10mM dNTP, 15mM MgCl,, 1U Taq polymerase
(TAKARA EX Tagq TM, Japan), 1X PCR buffer® 3}12™, TagMan
PCR2 Rotor-Gene(Rotor-Gene 2000 Corbett research, Australia)ili,
PCR =1L 95T A 287 predenaturation A7 & 94T A 15%, 60T

1

o 5] 187} extensions 1 cycle® 3}o] 45 cycle polymerization 3} th.

A}3Fe] nicotianamine synthase, citrate synthase 4%}

2 AN SHES NEI FUW AR FHL WS
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3. A% % 1#F
b NAS, CS faAEe] A8 Fadadne 74

Nicotianamine synthase®} citrate synthase fF3AE A ZANE =
at7]  §fstel WA AEfEA @dAWE  3BS(KJGV-B2) B ubigitin
(KJGV-B3) (M= = e 7|2 wWE map) W Smal sited] NAS 2
CS #AAZ 4437 9338te] full length ¢cDNAE pBluescriptel cloning
kA7l Wil AdEA Kpnl 9 EcoRISZ AHdsle] Blunt A g
(TAKARA)% % Geneclean Turbo kit2 AFE3Ach =3 355
(KJGV-B2) ¥ ubigitin (KJGV-B3) promoter+= #Z-< vector W Smal
site®] subcloningd}e] promoter 2 F+HAAHNAS 2 CS)9 frames =3}
Ak 7S] sense H antisens®] WS 27 ekl FHAH ] AlG
sk WEWE AFEALES o] E3F9] cutting sited] =79 ¢ Sense
Foz AYdE clones Aetdct (Figure 2). wWebA sk 3=
AL promoterz+ 355 (KJGV-B2) % ubigitin (KJGV-B3),
terminater 2 Arbcs? A wjslo] ZH=E 4 U= =3 tH(Figure 3).
T=3b vectors DHbn 59l heat shock el oa] dAA3 AJA oW,
Agrobacterium LBA 4404 5] =93t7] 9814 helper &5 o] &3}

o] =9, glste] ArE-stAtt

of

Lo
-
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M CitA B M M S A S

Figure 2. CitA gene, B3(Ti-plasmid vector) and sense(S),

antisene(A) for vector construction
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35S P 35S P Arbes 35S P
' N VN
Hindll BamHIacl EcoRI
I
Smal
K pnl EcoR 1
pBluescript —I—| C it A
KpnI/EcoRTI cutting
Blunt
C it A
Nos 358
.,.,.,A Gfp::GUS{35S P Ubimi-P Arbes—(35s P | Hgr p,,.yA
V'S V' N
Hindll BamHIPacl EcoR1
1
Smal
Kpnl EcoR I
pBluescript _|—| Cit A

+

Kpnl/EcoRI cutting

Blunt

C it A |

\/

Figure 3. Vector construction of nicotianamine synthase(pNAS) and

citrate synthase(pCS) genes by using S (KJGV-B2) and
ubiqitin (KJGV-B3) promotor.
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. Agrobacterium= ©]-&3% NAS % CS FAxe] F2AAs

Agrobacterium<  ©]-83}o] nicotianamine synthase(pNAS) -4 =}2}
citrate synthase(pCS) A& A A HA I A3t v AEAE g
=3 34 LS Figure 49 2t}

B Sk (FehH, 3H4IE) 3009 S 1% AU EFCR &5
24-D 2ppme] E3E N6 iAol FFstoe] oF FElE 3FIF wi¢
callusE F71stgth. o5  callusE o] &3t Agrobacterium A%
LBA4404 % EHA101 ol 35S(KJGV-B2)-CitA-Arbcs®} ubiqitin
(KJGV-B3)-CitA-ArbcsS Zt2 FAHEE WEHE L9ste] #AdA 2
I 27) A A o Al X /g callus Aol Al A EE calluse] 2ol
Hovk AFA callus® FAAAFS Ao EH wjFx7]o] N6ujA oA o

T Aol AAH L AWststes AAts Holthrl vk 37 FHYH AW
ANA AwmFME callus7t EdAA HA W £S5
zt7w it} Hygromycineo] ¥3+3k 2N6-7-CP A
W 2o A FAH callusWHS AWsle] bialaphos 10mg/Le] X3H MS
Hi R Aol x]/st A3 vl 357 F5E embryogenic callus® 9/d3st A
, 57 F5H callusoll =41e] wkido] Wol7] Al#}akl o
(Figure 4), °l& callusg MS7|ZuAd &A AEsE FE3H9
= °l&S& Ealste] rooting® Aol &F T
aeal eshdAgs AA potoll wA AARGEHANA AHAA FUE

o
o

]_

£

o
ol

=)

o

multishootZ 7] 38k
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Figure 4. Callus induction and regeneration of rice embryogenic calli
after transformation of pNAS and pCS genes. (A) Three-week old
scutellum derived calli used for co-cultivation with Agrobacterium,
and Hygromycin resistant cell lines proliferated on N6-7-CP medium
containing hygromycin in 1 month after selection, (B) transformed
embryogenic callus, (C) rice plants are regenerating from the
embryogenic callus, (D) regenerated rice plants with pNAS and

pCS gene, respectively.

o AARAEe] A 2 FAREY] £

1) NAS Fdx¢] =918kl
Nicotianamine synthase A9 A HES F3] oA ToMT 2
= T 158MAR 24 &3t 5, pot® oA ste] AFAZT. ol&
HeEs ddow FHaxe] &9 oAFE 7] fste] dx=A4E Abgst
o] 4 DNAZ & —fF, nicotianamine synthase f+32te] 5o 974 <&

3}al PCR 48 3 Z3+= Figure 59 £t}

AdHgA 2 FRAd JNAFE 150NAZHN F
Z9 promoterd & Uro] FEugw AYEgd &4 SIS 2 54
=]

A Aol o] &8kt

2) CS fraate] =98l

Citrate synthase F3#Fe] FAHITS Fal oA TOA 2 EA
T 2NAE 2 £3k F, potE o] A ste] A
o FHAe =Y oAFE Flstr] fdte] dx
DNAZS 3% 3% citrate synthase F+3AFe] Eo] A7|HLESE o] &3}

primers #43tal PCR #41< 3 23+ Figure 63 #th

PR
ui
o
i
1>
i
o r1r

>
tlo

S
>
ofo

ol
ol
9
2
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M 1 2 3 4 5 6 7 8 9 10 11 12 13 14

947bp
831bp
564bp

Figure 5. Amplification of nicotianamine synthase gene in putative
transgenic rice plants with specific primers by PCR. M
Molecular weight marker, lane 1, 2, 3, 4, 5, 6, 8 9, 10, 11, 12,
13, 14 : transgenic rice plants, lane 7 : non-transgenic rice

plant.
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Figure 6. Amplification of citrate synthase gene in putative transgenic
rice plants with specific primers by PCR. M : Molecular weight

marker, lane 1, 2, 3, 4, 5, 6 ! transgenic rice plants.
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500bp
300bp

100bp

Figure 7. RT-PCR analysis in rice transgenic plants with specific
primers derived from nicotianamine synthase gene. M
molecular weight marker, Line 2, 3, 4, 5, 6, 7 ; transgenic plants,

Line 1, 8 ; non-transgenic plant.
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Figure 8. RT-PCR analysis in rice transgenic plants with specific
primers derived from citrate synthase gene. M ; molecular
weight marker, Line 1, 3, 4, 5, 6 ; transgenic plants, Line 2 ;

non-transgenic plant.
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Quantitation data for Cycling A.FAM/Sybr
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Figure 9. Amplification plots of Theileria standard DNA. The threshold
cycle, number of amplification start, was monitored through
probe fluorescence labeled.

_78_



Table 1. RNA calculate of realtime PCR analysis. Sample No. 2-1, 3-1,
4-1, 5-1: transformants of nicotianamine synthase gene, Sample
No. 6-1, 6-2: transformants of citrate synthase gene.

: Calculated | cV gt
ivenConc.
- : td
No | Color | Name Type ?coples? uﬁ c%%%es/ul) (%) & Dev
2 | [ | Standardi0-7 | Standard | 1,000,000 908312 | 92| 1311
4 | | | standardi0-6 | Standard 100,000 110530 | 105 | 1558
6 Standard10-5 | Standard 10,000 2,923 70.8 | 19.84
8 | [ | Standardi0-4 | Standard 1,000 3,408 | 2408 | 19.66
. Negative
9 . negative Control 17.85
16 2-1 Sample 155,461 1518
71 |3 Sample 2,650,931 1185
18 4-1 Sample 105,017 15.64
19 5-1 Sample 133,339 15.36
N B Sample 64,041 16.22
2 |62 Sample 20,778 1754
22 . Negative
. Negative Control 18.98

* This report generated by Rotor Gene Real Time Analysis
Software (C) Corbett Research 2000(R)All Rights Reserved
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T3 " E=gsteE A FAE promoterZ2E 35S
(KJGV-B2) ubigitin (KJGV-B3), terminater2+% Arbcse] A Hj3}o] 2
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49+ AuE FEAT
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1) Al8e zA
b =84 &4

A=A 500mge HstHEALE o]&ste] wH F FEE&Y  (50mM
Tris-HCl, 5% 2-mercapto EtOH, 109 Sucrose, ImM EDTA, 5% SDS,
1mM PMSF, 1uM Pepstatin, 0.01% Bathophenonthroline; pH 8.0)< 1ml
E HI7Isle, €5 oA 1Az A= #2333 & 14,000 rpmol Al 10+3F

23] dAEE s e dES AFASIL o] E soluble protein sampleZ A}-§

wW A o] Assay+ Bradford method (1974)e] <A 3led BSA (bovine
serum albumin)Z 1mg, 10mg, 25mg, 50mg, 100mgl. & 3+ 7z & &9
200l A MAIeF (Bio-Rad, Cadalog 500-0006) 10040} /< 2mlE &
grate] 5ER Aol WA § EB=A(HP 8453)2 595nmol A 1] A

A%t did JgF xFo2 AAAoH, @A sample2 &2 A

3) SDS-PAGE #1719 % 4

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electro
phoresis)= Laemmlie®] #Hol 27 12% Polyacrylamide gel’dol A A 7]
FES AAEAT 12% Polyacrylamide gel®] FA-& ofefj¢} 2t}
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Running gel Stacking gel

012% acrylamide-0.1%6 Bis acrylamide |©5% acrylamide-0.13% Bis acrylamide

00.375M Tris-HCI(pH 8.8) 00.125M Tris-HCI(pH 6.8)
00.1% SDS 00.1% SDS

o TEMED(20.4/50mé gel) o TEMED(20.4/50mé gel)
00.075% Ammonium persulfate 00.075% Ammonium persulfate
o dH:0 o dH:0

Sample buffer® Laemmli buffer (4% SDS, 20% glycine, 10%
2-mercapto EtOH, 0.004% bromophenol blue and 125mM Tris HCl, pH
6.8)5 Abgsto]l flellA FHIR ARt L1Z a5 oA 583 "
3 Fo A7|9%5S AAEAT. ) insoluble proteine M EEFA] eFokT).
7+ 7k o]l welld loading ¥ protein standarde 20p, sample= 80ul, ¥l
Wellell = Laemmli buffer 8005 % %th Running buffer= 0.192M
Glycine, 25mM Tris/HCl, pH 832 & 33 2om™, 0.1% SDSE E3st:= &
S o] &3t} Running Al7HS 20mAE t2F 6417 B Z tracing dye

7F gel®] EEEONA lemP = A7HA HE =5 A

4) 94 2 g
A7l Fo] % F gelS B3I, MY (1% Coomassie Brilliant blue

R-250, 25% Isopropanol, 10% Acetic acid)& AF&3to] 1A A% A&

Shar, gAlal (1 10% ethanol, 10% acetic acid, 80% Distilled water)S %

d

I IA A g S thA] 100%-MeOH=Z 1027 2-3 H ukE5) A
gAEla SRS Yol 3T FoF WA g F =g #EE )

_82_



HEAEE deste] Al
3}+= Figure 13 2t}

)
off
©
=
el
L)
=
=
Lo
o
Ho
2
2
ru
B
o
lo
2t

AR AgFERE Feke = Tog gokow
o] F 40¥o] AuA = HE FAYT ButE 40ppm ATV T L9
F7F Ak salol s old ¥ 6297bA 20, 0, 40ppm o2 EA
UEbSTE 919 AR Heol HE Ages 9ol dsiA AEAY A&
ghego]l v shalHo] Hla] AEAU A ko] w2 SN o =2
A FFS 7w AREwI QYA 2o 239

e ®Bolth

)
Ho
B
)
=
s
N
A
A
S
S
k=]

g

=

_83_



10 0

8

8

Plant height (cm)

8 8 8 3 8

Figure 1. Plant height of Donganbyeo and Hwashinbyeo grown with
hydroponic culture under three different Fe levels. (DAT: Day

after transplanting).
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Figure 2. Number of tiller of Donganbyeo and Hwashinbyeo grown with
hydroponic culture under three different Fe levels. (DAT: Day

after transplanting).
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160 - B e, A - 160
AT e a
140 - BN O 1 140
= o
<120 - o 1120 =
] B g S k E
3100 ---0-- Oppm 1100 2
- ---/A-- 20ppm Fresh weight =
_":_:n 80 - ---3-- 40pp resh welg 480 =
g —e— Oppm -%
z 60 - —A—20ppm  Dry weight 160 2
[ —— 40ppm
£ 0 .Z% o &
[T
20 - 1 20
0 0
200 . -1 200
Hwashinbyeo s 1 180
= 160 1160 ~
& S =
- ST -.-_::1@:11-_:.‘:__:““ A 4 140 s
2120 - = '“‘*1‘-1:::::@ 1120 §
.g_, 1100 2
‘© 2
$ 80 180 o
e 3
» 4 60 >
o o
L 40 © %'Z‘:;‘ 1 40
4 20
0 0
15days before heading date 20days after harvesting
heading heading

Figure 3. Change of fresh and dry weight of shoot of Donganbyeo and
Hwashinbyeo grown with hydroponic culture under three

different Fe levels.
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Figure 4. S/R ratio based on dry weight of Donganbyeo and Hwashinbyeo

grown with hydroponic culture under three different Fe levels.
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Figure 5. Photosynthetic ability of Donganbyeo and Hwashinbyeo

grown with hydroponic culture under three different Fe levels.
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85.4% = 714 vrotow stAH oA E HE 20ppm AP oA 93.6% = 7+
ok AR FAg oA 89.9% = M wrgtow Azt xR

=0}
3T AN

10009l = ezt dE Aese 20ppm¥ 40ppmel Al ZHz}
22.0g7 20.7gelRa HE FAFNME 197ge=2 HE Aol W)
A vEb o shale el = T A7 203g 28 20ppme] HE A g
FTEo A2 Zhol 23 1gH thi= AW 40ppm A B o= AolE HolA| ¢

ach o] Az, HELS FHFFHLE F THEY 1000854 1 2

7 2938 dEtdE 4 5 Ul

Table 1. Yield and yield components of Donganbyeo and Hwashin
byeo grown with hydroponic culture under three different
Fe levels.

) ) 1,000
No. of Spikelet Ratio of grain Yield

Varieties Treatments panicles per ripened weight  (g/pot)
/pot panicles  grain(%) (gg) &P

0ppm 110 100.8 85.4 175 161

Dongjnbye 20 ppm 102 101.9 945 20 235
40 ppm 116 100.2 905 207 206

, 0 ppm 123 100.0 89.9 203 207
Hwashinby o5 o 121 110.0 936 231 279
0 40 ppm 93 99.1 919 204 187

A% ns ns 453" 77" 4.7

F-Value T ns 37 9BITT B5TT 1647
VT 32" ns 109° 423 37

ns: nonsignificance, *: significance at P<0.05, **: significance at P<0.01
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Figure 7. Uptake amount of Fe at major growth stages of Donganbyeo
and Hwashinbyeo grown with hydroponic culture under three

different Fe levels.

30

Uptake amount of N(Kg/10a)
o
T

57 --©--oppm
- =A= =20ppm| Hwashinbeyo
= " 40pp
0 . . . ,
15days before heading heading 20days after heading harvesting

Figure 8. Uptake amount of N at major growth stages of Donganbyeo
and Hwashinbyeo grown with hydroponic culture under three

different Fe levels.
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Figure 9. Uptake amount of P at major growth stages of Donganbyeo
and Hwashinbyeo grown with hydroponic culture under three

different Fe levels.
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Figure 10. Uptake amount of K at major growth stages of Donganbyeo
and Hwashinbyeo grown with hydroponic culture under three

different Fe levels.
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Figure 11. Uptake amount of Ca at major growth stages of Donganbyeo

Uptake amount of Mg(Kg/10a)

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Figure

and Hwashinbyeo grown with hydroponic culture under three

different Fe levels.

—h—20;)pm] Donganbyeo

- A= -20;)pm] Hwasinbyeo
- =40ppm

15days before heading heading 20days after heading harvesting

12. Uptake amount of Mg at major growth stages of
Donganbyeo and Hwashinbyeo grown with hydroponic culture

under three different Fe levels.

- 109 -



xr
H

o

3|

X

K
o
TR

x

2}. Source-Sink 7+9]

=
=

o] 2ol

2764 olate
M mE 3]e

ko3
T

Ed

3}
=

=

S 2= Ftel ALt ol AA A
=)

- 110 -

A

A}
=~
o

=

R

of 744 A vEhgh 2eld ol

o] AiFgol 41%=E AA

A2 5% 20ppmeol A AulE Feku et stalv o] sourceZF-EH sink
Figure 133} 2t}

A2l 5= 20ppmol A AulE Eetke el sHalH o] sourceZF-H sink

ol Z7|2e HAFEo] 68%= 7}t
o] AFEo] 40%=E 7+ ket 3t

Holtp7h Z7]el A o]

]

A
L

=

=

|
o
H
7}
|
FAM Ao gA Z7]729

At

[e)
e o2& AFolA

SERIEE

o
L.

°
=

L
R



90.
80. r
B Donganbyeo

70. r y
R 6o | ZIHwashinbyeo
3 7
2 s0. t
[=
o
w 40.
o
o
o 30. [
o
°
= 20.

10.

0. A

15days before heading 20days after harvesting
heading (MR-ML) heading (ST-SE)
(RGZ-MR) (ML-ST)

Figure 13. Rate of Fe translocation of Donganbyeo and Hwashinbyeo
from source to sink tissues grown with hydroponic culture
under 20ppm Fe level. (RGZ: root growing zone, MR:

major-root, ML: major leaf, ST: stem, SE: seed).
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Figure 14. Amount (ppm) of Fe translocation of Donganbyeo and
Hwashinbyeo from source to sink tissues grown with
hydroponic culture under 20ppm Fe level. (RGZ: root growing
zone, MR: major root, ML: major leaf, ST: stem, SE: seed).
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Figure 15. Subunit of proteins separated by SDS-PAGE from the
leaves of Donganbyeo and Hwashinbyeo at panicle formation

stage grown with different Fe levels.
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Figure 18. Subunit of proteins separated by SDS-PAGE from the
panicles of Donganbyeo and Hwashinbyeo at harvesting stage
grown with different Fe levels. (Amolecular marker, B:

Donganbyeo, C: Hwashinbyeo, 1; Oppm, 2; 20ppm, 3; 40ppm).
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