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k3% ABNORMAL CYTOKININ RESPONSE 1 X BB P& ST
HMES5HY FRUCBTR

B B

AREMEENER TR —  EUAA R FREHTHNSRELI B EBIZE K
B /4 5 & & 8 18 ¥F (glutamine synthetase/ glutamate synthase or glutamine:
2-oxoglutarate amidotransferase cycle, GS/GOGAT cycle) Fl b AHE PSR A AW IZ
(GIn) B EER(Glu), HTMFHNEFEDERERBENAEFA. K+, GS L Glu M
NHs"NEME R Gln, GOGAT NENEEMN Gln BB Eo-HiK B (2-oxoglutarate,
2-0G) AP T Glu. BT GOGAT ELHI R L REFHER 2-0G 1ENEY), Kbk
IWAREMEARRANSHIEF N EEEE S AT, GOGAT i AN E-TH#H
B FISARRR T 2TER-

B FEKRRARSBERFRERBME, RINIEFLEET — abnormal
cytokinin response 1 (abcl)REEMR , LEIEEEKEZM T, abel-1 REGBITHMORER
LSS BRI BRI A R TT LLIESR abel-1 RGO RER A
Ko HRIAEKK abel-1 REGEEREBRE. BB UAHERESERREHR
RBEER, A ERREULTEWHEERRK. 0T REZMEYMULE
BHRAES 4BCI ZRFBET —MEFEYEFRENKBGELEANAEREE
(ferridoxin-dependent glutamate synthase, Fd-GOGAT). 7EFFEAL R abel-1
Fd-GOGAT HIFEHE B35 MK, 1 T-DNA A\ SR REFA R abel-2 MAFE
B R BRI EE B0, B AREAZM T, BRIIKINE abcl-1 REESE
A NC LHEERSEREER S, AIN=RBREXANTESMEEZRER, KY
ABCI ERE R T EARW R E TE R %E T EZNEH.

AT S [ I S R RS Fh R ABCT BRI F AT 04T, FRATEE 4BCI ZEH)
MR RIMT 5 MNER XK BZEFRZ & A A (single nucleotide polymorphisms,

SNPs), FFIRIEX 5 MLAKIAE R ABCI ZEF 4 3 2K, BUEREMFHY ABClja 2K,
I



KEB (4 85%) HFGRINE) ABCI-in. 3K, DAKERS (ELHI 3%) HIFE A AT H
ABCI-inVBPA . FEEFM ST (BBl 11%) #5755 ABCl-ja 2. BIExE@EE 4
TERER T ABCI EF I FVRFFIHAT M, BATKIAFZE ABCI BRI A
AERE I 2 A L S E AR AR RS I A LB R SE AR Y, 3R SRR FUHIAS RO IR
Wt TR 4 BIRBE T ABCl-ja 250 ABCI-in 52, R T B+ 4BC1
FEREREAKIAE AN LA Al A 232

gr bR, FATESKTE ABCI EF AT Fd-GOGAT A BAR Y MR-
RETEZENER, FHETMBITREIEAEREFERTHERSE.

FoHEE: KT8, Fd-GOGAT, &Rk, Std, Eik
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Functional Analysis of the Rice ABNORMAL CYTOKININ RESPONSE 1
Gene in the Regulation of Nitrogen-Carbon Balance and Its Molecular

Evolution

ABSTRACT

Xiaolu Yang (Genetics)

Supervised by Professor Jianru Zuo

Nitrogen is one of the most essential nutrients for plant. In plants, the inorganic
nitrogen absorbed from soil can be assimilated through the glutamine synthetase (GS)/
glutamine:2-oxoglutarate amidotransferase (GOGAT) (GS/GOGAT) cycle, and then be
used in biosynthetic pathways. Whereas GS catalyzes the formation of glutamine (Gln)
from glutamate (Glu) and ammonia, GOGAT, also named glutamate synthase, catalyzes the
transfer of an amide group from Gln to 2-oxoglutarate (2-OG) to produce two molecules of
Glu. Beacause the organic acid 2-OG is one of the substrates of GOGAT, the reaction
catalyzed by GOGAT is considered as an important linker of nitrogen assimilation and
carbon metabolism. However, the molecular mechanism of the regulatory role of GOGAT
in the carbon-nitrogen balance is not well understood.

During the screening of the rice mutants with abnormal response to cytokinin, we
isolated and characterized the abnormal cytokinin response 1 (abcl) mutant. Under normal
growth condition, abcl-1 shows a slightly reduced response to cytokinin; under the
nitrogen deficient condition, abcl-1 shows a more apparent phenotype in response to
cytokinin. The abcl-I plants grown in soil displays a typical nitrogen-deficient syndrome,
including dwarfs, pale green leaves and reduced tiller numbers, and the photosynthetic rate
and the yield of the abcl-1 mutant is decreased. Molecular genetic and biochemical studies
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demonstrated that the 4ABCI gene encodes a functional ferredoxin-dependent glutamate
synthase (Fd-GOGAT). The weak mutant allele abcl-1 shows a significantly reduced
Fd-GOGAT activity, while the T-DNA insertional mutant abcl-2 displays more severe
phenotype than abcl-1, and is lethal at the seedling stage. Metabolomics analysis revealed
the accumulation of excessive amount of amino acids with high N/C ratio and several
intermediates in the tricarboxylic acid cycle in abcl-1, suggesting that ABCI gene plays a
critical role in regulating nitrogen assimilation and carbon-nitrogen balance in rice.

Through the analysis of the sequences of ABCI locus in rice cultivars, five
non-synonymous single nucleotide polymorphisms (SNPs) were identified in the ABCI
coding sequences and characterized as 3 distinctive types of the ABCI gene. All japonica
accessions carry the ABCI-ja type. More than 85% indica cultivars carry the ABCI-in type,
and the remaining indica cultivars carry the ABCI-ja type or ABCI-in¥'*4 type, which
has a substitution in ABCI-in. However, these three types of ABCI in wild rice accessions
show significantly different patterns compared with those cultivated rice, suggesting that
ABC-ja and ABCI-in were independently maintained in the modern cultivated japonica
and indica rice cultivars during domestication.

In summary, our results indicate that the rice Fd-GOGAT encoded by the ABCI gene
plays a critical role in regulating nitrogen assimilation and carbon-nitrogen balance, and
different types of the ABCI gene were independently selected in subspecies of Oryza

sativa during domestication.

Key words: rice; FA-GOGAT; nitrogen assimilation; metabolome; evolution
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1.1 EMRELELA
1.1.1 EHREEFRITIRE

RAEMYLEERNTRZ — SEVENTZEEZFILESYRNARRST . &
TERIEEMAHS THELAETSRE, OBREER. EOR. BR. &R, #FES
B B A A R A K 1 3 R 1) [} F(Crawford and Forde, 2002). =5 EY7EAK
BAEMTERSHIVEKRE, BHREN. HEM%. 1A b T4 LRk
SR, ARESEMEFHIEREREINRE, Wi, REFEVREES BT
BER/D . BRI/, PR T RS RBorrell et al., 2001; Borrell et al., 1998).

1.1.2 EYMREFHXKIR

YN E P RBEE RN REEEWH . —REd S5 B EMAEMILE T AR
BHTER, SR TEFEETSRNEYMOEEHEEREYD . —RBIRANL
BRFEBETE, XM REESHEVREFRNEERE. LETRERATUS NG
FSRMTHSER KA. EF, BISATERBETEDREEESME, AN
LR AR E, RAEOHTAEESERENNEER. Bk, RESTUGED
M 4ic i Al (Ndsholm et al., 2009). Bh4h, —EeAEAHARAIE B °T DL E SR WO A R 3 F
% £ 5 (Paungfoo-Lonhienne et al., 2008). 3 H I THARR IS F B/ AEHEL,
FIFHE RS, H AR Eh(NO:) ek E(NH. ) 2 YR R M 32 IR SR
SEAMNETERR. BENAIRSEEDRET L NOs1E AV R EIR(Crawford, 1995),
(BN NOsFI NHe BRIt SEWF R KAEKIRER K, Hlin-fKEEYKEE,
TR AE KIS, X NHe" B B B R E (Freney et al., 1985; Kronzucker et al.,
2000).



K ABCI Z=FEEEHR AT H NS THIES LA FEUKTIL

1.1.3 @B IR FNEEiE

HE PR RN L IE R R KRR 58— 2 B RAR R A R R =3 is
(Krapp, 2015). FERERMEW BT (Arabidopsis thaliana) ¥, Z/0H 4 NMEhEETF
(ammonium transporters, AMTs)H 6 MHER #4515 T (nitrate transporters, NRTs)Z 51R
X LB ENRBOEE. AMTs FEEFERAERN . |AHEEEMANES T4
- EALEEARE R TR NHO KRG EREABIEEHN, T UER TR A
ot NH4 ¥ & (Wang et al., 2013; Yuan et al., 2013; Yuan et al., 2007). T NRTs JU| 7] LAR
EEXT NOsHISEAME S N ESEERVIGR AP S, JEMETIRIRERNEKSK
B, FSEFME NRTs REZEIEM, MAEYLTERERMERSZGT, KEME
NRTs i 3 Z{E H (Forde, 2000). #.T 7+ NITRATE TRANSPORTER 1/PEPTIDE
TRANSPORTER ZFK&E H & —EX NOs EH KR FE 1Y FH R £h # 12 T (Krapp, 2015;
Léran et al., 2014), BF 53 MRAFHRE 2 MEASE T X EIRE NOs IR, AP
AtNPF6.2/NRT1.4 1 AtNPF6.3/NRT1.1. HH, AtNPF6.3/NRT1.1 &—NEEMNEE
MERHERREET, B EIHRLSTE S0 NOsypIsEM Mk CLEN g F
NOs ¥ & (Liu and Tsay, 2003). th4h, @it 5t & 0 FIFEPTIEE AINPF6.3/NRT1.1
MR NOs BB F, [AIIT &2 NOs 19 4% /8 52 & (Parker and Newstead, 2014; Sun et al.,
2014b). ML F, #AEI+ NITRATE TRANSPORTER 2 KIEFT A& K 7 M A,
20K 4 MERBXN LIFREIKE NOsHIRBUHER R RIEMERA, BF ANNRT2.1.
AtNRT2.2. AtNRT2.4 F1 AtNRT2.5. HF AINRT2.1 BRI ERALHE THREEY
HRHFEIET, AINRT2.1 RS RBEREMBAF G TEKERBZERMRLI et al,
2007). ITERFRERY, EKFE(Oryza sativa). EFa(Medicago truncatula)® ek
B AR SR I 2B 4 A B AR M R R Si(Pellizzaro et al., 2014; Tang et
al., 2012; Xu et al., 2012).

NOs MR RRW 5, —FHo BB N AL BB A ERE D, 5%
5 T i 2 EAE Y RO 1 B840 (Krapp, 2015). ZEMRS ST, 7EFAFZHM HREKLE
MR HIE2T NPF7.3/NRTL.S E#¥S 5 TRF NOy AR FERIZNITE
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¥ 55

(Lin et al., 2008) . B4R RIF UL H NOy[aHh &g i 12 E Z KSR —RED 2
i, BNUEEALEEALANERENHREERSTHMBI. #EIT
NPF7.2/NRT1.8 A1 NPF2.9/NRT1.9 3 ZE7E /A 57 & i BE 1 ST £ B T v Rk, X
(ESER PR BR £h 5513 T8 NOs it b4 fiskmh & 4% T /ER(L et al, 2010; Wang
and Tsay, 2011). 4RT0, —LEfMEHEAEHE NOs HHh F#iA A T o %%, Db
REM 596 E 1B BB, BUFS T AtNFP7.2/NRT1.8 1 ANPF7.3/NRT1.5 #iE Bi#E 8t
RN NOsHIFIZ 2R T EZEAE H(Zhang et al., 2014).

1.1.4 ¥ NOs TR

A M 32 R R NHL AT A E B N R FEALITRE, T NOs U 75 ZEH0a )R N
NH 7 G5 N BRI 4 R NOs #4676 41 8 BR P 48 B BR 1L J5 B8 (nitrate
reductase, NR)IE 5 4 WS ER £ (NO2), i G HENISRAK, #E— B I AR IR 4 J7 B (nitrite
reductase, NiR)ZEJE y NH4" (Lam et al., 1996). LR, WFFKIEDAEN NO2 Hf
TR A A R BS IS MR ) HPP KRMEAN S, XREASH 4 MEESHE
1A E BRI His-Pro-Pro £5#)(Maeda et al., 2014). H T HEI% NOs & R
RN FEMFE NADPH SREERAEREIE S, FHibZidEZ s 1 ™ KA
.

1.1.5 E¥*T NHS B E1E

YR P9 NH 0 5RIE = B aFER R B R NHe ' B NOs it R 15 2]
) NHa " JERRIR AR = A B NHa KRR B 7= A2 X NH 45 . AT IX 2 NHA R
[E 4k, 3 R T A S Wk % & B (glutamine synthetase, GS; EC 6.3.1.2)FIBRR &
(glutamate synthase or glutamine:2-oxoglutarate amidotransferase, GOGAT) 4 a3
% B3k 52 BB (Coruzzi, 2003; Masclaux-Daubresse et al., 2010; Xu et al., 2012).

GS HH—4F NHi 5—4 TRERGWE & ER— THEABK(G) (E
1.1, RN EYME T EEEY B2 T GS, 2 alREA TR+



KFG ABCI EFREHRETFEN S FHIESHES THRUKET

) GS1 FIEAL T H SRR GS2 (Guiz et al,, 1979; Lam et al,, 1996; Lea et al., 1990;
Mann et al., 1979; Stasiewicz and Dunham, 1979). X, GS1 FE S 5IR P EMHI% F
H.(Miflin, 1974) AR 468 5 & A 18 (Carvalho et al., 1992; Kamachi et al., 1992), T
GS2 FE S 5H A xR =4 1) NHa 1 [Fff(Kendall et al., 1986).

GOGAT {4t Gln FI R 3 o-Bi % R (2-oxoglutarate, 2-OG)_EAE B 7 F I
Glu, f# GS/GOGAT TE¥EERK—4 T Glu (B 1.1D. YT FELFEERE
GOGAT, fK¥E e AT B HbAdc 43 T B iy 42 OB R BB B B A BB & B (ferredoxin
-dependent glutamate synthase, Fd-GOGAT; EC 1.4.1.7)FK MR BE A RE RS — %R
¥ 4 % B8 & B (NADH-dependent  glutamate synthase, NADH-GOGAT; EC 1.4.1.14)
(Forde and Lea, 2007; Temple et al., 1998). AP GOGAT ¥ T Fikd, (HRAF
7R F A 2 S i R A AL AR AE . Fd-GOGAT 784 &1E AR h BE RS s, fais
BRI FCREVE IR IR /7, T NADH-GOGAT EEFETIEAAFEANEALFH, 5
MBEER [ FE R R IR1GIE )R S1(Bowsher et al., 2007; Forde and Lea, 2007; Lam et al.,
1996). Fd-GOGAT fEMFH KEEE, XEHEXN TR SRS =L BRI
RIFIEE AR R —BU1, T NADH-GOGAT M 3= 7 X8 2 U I & T 4% 460
VRN & BBV MR £ R R 2 J R /5 H (Lam et al,, 1996; Suzuki
and Knaff, 2005).

CH, CH,
&oom >_< Sonr,
GOGAT
COOH COOH

(IJHNHZ Glu 2.0G c|:=o
CH, (':H2
CH, S,
COOH CI:OOH

B 1.1 EYET RSB & R A R AT AR LR
YRR NHSAESEBE & REGS) L T EE T—2 THERG L, £ T48%
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BERE(Gln); X4 F Gin #TIE S ERAM(GOGAD ML T RAEFREREHN, HAREREE —
A Fo- BR800k, ERFEHTH Gu, H¥+—4F Gu fFA GS HEDHFREAN
GS/GOGAT f&3, H—4F Glu FITHAEEMIN AN A METR. 7 GS/IGOGAT ¥+, #
AR5 T H Glu, SERINSEEE SRR,

Figure 1.1 The assimilation of the ammonium by the glutamine synthetase/ glutamate synthase
cycle in plants.

In plants, the ammonium is fixed onto a molecule of glutamate (Glu), which is catalyzed by the
glutamine synthetase and generates a molecule of glutamine (Gln). The glutamate synthase (GOGAT)
catalyzes the transfer of an amide group from Gln to 2-oxoglutarate (2-OG) to produce two molecules
of Glu. One of the two molecules of Glu is back into the GS/GOGAT cycle as the substrate of GS and
the other molecule of Glu is used in the biosynthesis of amino acids. The net output of the coupled
reactions of GS/GOGAT cycle is one molecule of Glu, which accomplishes the convert from inorganic

nitrogen to organic nitrogen.

eSS, A1C25 3 MWIFETF (4rabidopsis thaliana). KZ (Hordeum
vulgare) i 5. (Pisum sativum)¥ & AR (Lotus japonicas)F 53 B E| T Fd-GOGAT 8% GS2
B[R [ 5 A, IX e S AR 48 B B A KORG24 4 BUFE I R B (Blackwell et al.,
1988a; Blackwell et al., 1988b; Coschigano et al., 1998; Kendall et al., 1986; Orea et al.,
2002; Somerville and Ogren, 1980b; Wallsgrove et al., 1987). #\FIF Fd-GOGAT %A #
FAE glul TEIEH M TEGE, MESIPRAEHIHI & T AT LS, (EHMRER

EHEEME, £ Fd-GOGAT £ F AR TRETEE TEZEKEM
(Coschigano et al., 1998; Somerville and Ogren, 1980b).

FEWYTH, BT GS/IGOGAT &%, A —LHAMMEHZE THEMNEA R
2, WK X B4 BB (asparagine sythetase, AS). & % & Bt & % (glutamate
dehydrogenase, GDH)%%. EAIMIMIF+H AS 7] LME/L NHy 5—4F Gln &4
—43F Glu FI—4>FREBEE(Asn), I AS W LETHEH NHSAENRD S 5
BEMT . AR ET, HlimERH, AS A LMK GS/GOGAT AR
F2(Lam et al., 1994).GDH T LAY Glu 1 2-OG [8] {148 BLA2 4L, FERME 4+ T GDH

AT LI S B R ) NHa e =6 Glu (Skopelitis et al., 2006), SRS RAVHTE
5
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R, EHEYAKEA, GDH Ig%ﬁﬁﬁéﬁ@ Glu k15 2-0G, NFEMRERHE T KK
% T2 =R BRI (tricarboxylic acid csfcle, TCA cycle) T & E 5% & 4 (Fontaine et
al., 2012).

gz ERTR, Y EE RPN EESEN AR P TISRRRIEMEZ. X
NOs FIE & AKX NHaS L= (B 1.2,

NO,~ NO,~

B 1.2 EYA KT RS K FE S R B B (Krapp, 2015).

£ NOs I NH, 43 5l AR R 40 I 4% 5 15 13 F IR IR =AW A Y - NO5 72 40 L 45
BRI R BIE R NOy, 1% R B [F) B AT BLF=2E — S AL E(NO). T /& NO # HPP B [ is E M4
TR A EBE— 5% WA RIS R EHE BN NHy' . NHS 558 R G #\ GS/GOGAT &3 . AMT, 4
HEET; CLC, ABTEEEA; HPP, S HASR-BER-HEREHMES; Fd-GOGAT,
RBSGEEEANBEBREE; GS, BABKENEE; NiR, LHREREE; NPF, HERH/ZE
HIETHEIER:; NR, WHEEER; NRT, HREEET.

Figure 1.2 Transport and assimilation of nitrogen in plants (Krapp, 2015).

Nitrate and ammonium are taken up by the root via specific transporters. Nitrate is reduced in the

cytosol to nitrite by nitrate reductase. A side reaction of NR produces nitrogen oxide (NO). Nitrite is
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then transported into the chloroplast by HPP transporters and reduced to ammonium by nitrite reductase.
Ammonium is then incorporated into glutamate by the GS/GOGAT cycle. AMT, ammonium transporter;
CLC, chloride channel; HPP, histidin-prolin-prolin  containing protein, Fd-GOGAT,
ferredoxin-dependent glutamate synthase; GS, glutamine synthetase; NiR, nitrite reductase; NPE,

nitrate/peptide transporter family; NR, nitrate reductase; NRT, nitrate transporter.
1.2 EYARIESBAA G EEKE
1.2.1 EPRKGEESTRREL

BT REEFRN, B REYEKTLFNEEER TR —. BYRBETLE
TEFBZES T Cor B HATHKLEDNER. FIE 20 # 80 £, AT
B4 RIEY KRR YEE A T & ERALR P gR . EH U XEEEY
JR B9 4E )5 F(Evans, 1983; Zhu et al.,, 2008). N, Ja&1EA S RIERE 1, 5- iR
1% W % R AL B/ N 48, B8 (ribulose-1,5-bisphosphate carboxylase/oxygenase, RuBisCO) HJ
SBYE C B A TR QA B 50%, 41k COEYM AT EARE
f) 30%7% 45 (Feller et al., 2008; Parry et al., 2003), T BL¥E— & ¥a B W HEWHIC &1E A
LR B R A B R I T 3 (Evans, 1983; Makino, 2011). #AT0, SEHEHR
B LS B A EAFMERABRETLERR, BAMEDCEER. EHit, G
FEETT LR E R e & AEE, MRS EY ™ & (Makino, 2011; Nunes-Nesi
et al., 2010).

T RuBisCO KIMEF M, £ C WP HEERTEE—NEIRM, BRI
F. JerpiR R s SE MR IR . EA. & CO MEM N RENLOEE/EAIE
FEMIREMIHHT ORI B COr HId 2. AATTESS JerPR AT Fod 72 R BLAE -
Serp Rt R R A — AN EIER, FEEMM R TR KE NHe' (Keys et al,
1978), S NHHOR B SRR B, BT BRI
NH¢ B i 317864k . AT H4KK) GS2/Fd-GOGAT B 24t i EZE AR
WERSG, HEEIREHESEFERITRE P4 NHo BT HE R (Lam et al,, 1996;
Masclaux-Daubresse et al., 2010; Xu et al., 2012).
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BEAh, BB ARU, EWBRAEAR S B BRI K DR R A
WK 2B T ED KR E SFRRE M B et al, 2007, Krapp et al, 2011;
Scheible et al., 2004). ZE_EFTR, YA RIBRAS MUK T R R TR H R &
H. B, HEREYR, FNEAEBEEFBARBRNAEERE T RAE TRAEE
HIYEH .

1.2.2 EPRELKEBTRREL

HEYX AR BEEEAIEEES T AENBRRN, XERNFEN
Wit Y ¥k EIE 0 . NADH/NADPH. ATP ¥, T IX Se4) 5 3 ok H AR ARH
WAV WIRAER . BRI FE IR 2% (Masclaux-Daubresse et al., 2010). R, &
ERIEYE BT ERABR A 2-0G. Bl ZBREH RISV RAE ik E 2 (Lam et
al.,, 1996). “C AMFRERERYA, KREBRNEVERTIRIRETREERET
TCA {5F(Shinano et al., 1994). XI/KREHFF LI, BERMILBRRIAE B AT RRR I
& (phosphoenolpyruvate carboxylase, PEPC)IZ K| Ospped & S HHEDEHEHNR G =
RIBE(RLA R TCA TEFR/KFRIBER, MRMFEMEZERNESRZE T ™ENRIT
(Masumoto et al., 2010), Z&iE 7 EYW R RIS TCA /EFHRRIMKHEL. BEah, XTHERRIR A
MARY, MENFFREMIAN NH 2 EM M I RIS NHaH 10 15, 2
VBRI EZERIFEKeys et al., 1978), XWEY THYERFIER SRR ES
RERHY .

1.2.3 o-Hil /% — B REIHRAIHMA RS ERE S

o-Bi L —HR(2-0G) 25 T HEMAMEA M2 R KEL, A TCA BHMEER
HI A6 B (Foyer et al., 2003; Lancien et al., 2000). H&i 241/ 2-0G FIRIF G FERE
RAER] . TCA 18 T FA7 B 1 i & B (isocitrate dehydrogenase, IDH)/EL FIFT R ER 1O B 4L,
Bk S EBM AR ALK Glu MFEE UK A EEBIEANEERNEEEERS
(Lancien et al., 2000). BT 2-0G EERBABIFH TCA @ﬁ%ﬂwmw, N
GS/GOGAT 4L NH4' RLIERRATLAMIEY, 2-0G BRI AR AR

8



& 55

SR ER: S (B 1.3) (Hodges, 2002). Bk4b, 2-0G H#RE 7 EYAME+
SEsE HLER TR A & B AR R SR S KB RS 1, L ) R B B B
R RERRIEE. SRk FRrER SN BEEES, Fit, BAHEN 2-0G
T REERE A K I T 55 4 FHIE A (Hodges, 2002).

= N

Mitochondria.

PDC

- pyruv:;@;%aawlCoA
Krebs

Cyele

NR
N 03'—-N02'
Nitrate
reduction

Catabolic
Reactions

DIC | . )
\ .
ICDH
I aconitase

isocitrate 4¢—— citrate

Cytosol

B 1.3 EA4E P aRAR R AR U B (Hodges, 2002).

EYEARM T EREIRME ATP. EIRS. BEREWH, KPR THAMF N SET R
TR, GREAER. RARSER . HEE. —RRENE. EsSEDMAF,
NH," )5k I T i BRI B B (NR) A T A FR A8 R BE (NGR) E AL Y NOs HIIR R RE4Y, 3B IR
75 H- 5 B B SR B (GDC) e Ak ) H R B JR IR B LA B R BRI R X NHL T R4 2 i
GS/GOGAT AL FIFERF R BL5E R« o, GOGAT AL R SR 75 % 2-0G ENBREZEA T Glu
fI& . 2-0G EERHRITERNAMIDH)R LK FTRRIEERA, SRELHE TCA
P IDH fE4LI0 2-0G M BRI H ICDH 4L 2-0G K4, 20GMT, 2-0G #IE T
DTC, “RR-=HRME Ik, PDC, WKL &1k; PEP, BHRGIFXNER; TP, BHRA
.

Figure 1.3 A simplified scheme showing C and N flow in plant cells (Hodges, 2002).
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N metabolism is linked to C metabolism by the requirement of ATP, reductant and C-skeletons. This
involves several major metabolic processes including photosynthesis, the Calvin cycle, glycolysis, and
the Krebs cycle that are carried out in several different subcellular compartments. In higher plant leaves,
ammonium is assimilated in the chloroplasts by the action of the GS/GOGAT pathway. Ammonium can
be produced in the chloroplast by the action of the nitrite reductase (NiR), following the reduction of
nitrate to nitrite in the cytosol by the nitrate reductase (NR), in the mitochondria by the action of the
glycine decarboxylase (GDC) during photorespiration or in the plant cell during nitrogen recycling via
catabolic reactions. For net glutamate production, the GOGAT requires C skeletons in the form of
2-oxoglutarate (20G) that can be provided by the action of an isocitrate dehydrogenase. Two pathways
involving a specific isocitrate dehydrogenase (IDH) and the Krebs cycle could be important. In one
pathway, 2-oxoglutarate is synthesized in the mitochondria by the IDH and exported to the cytosol by a
mitochondrial 2-oxoglutarate transporter (DTC). In the second pathway, citrate is exported from the
mitochondria to the cytosol by a tricarboxylate transporter (DTC). 20GMT, 2-oxoglutarateumalate
translocator; DTC, dicarboxylate—tricarboxylate carrier; PDC, pyruvate decarboxylase complex; PEP,

phosphoenol pyruvate; TP, triosephosphate.
1.3 EMREARSHMIREHET IR
13.1 @i RHEME

M HER—BEFRERIRERIYT, REMEWHMEL —. 1955 F,
Miller Z7EHif 1% T DNA #UE/KME=HRIL T —MBeB et EM AR AR RS
SAGEIIIR, IR R R 6 42 NS & (kinetin, KT) (Miller et al,, 1955), /&, A
M BEEERIUAE AL T — L BA A B T R Y (Letham, 1963), SEAKNZAHHLSY
4K (cytokinins). FEREERIFIFLH, AMTBEHNRBIHMRIRERLESERER T
5 U I £ K R (auxin) A Y G 23K 7 K (Letham, 1973), TR FETRLE . 7
HHRRE. BERNWEE. HARESREZ. HRTKE. BRIERKE. MTXKES
HREHEDHWERK KT LREFR KESEZ/EH Hwang et al, 2012; Werner and
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Schmiilling, 2009).

SRR DA R EER M LA RIERA (RNA 7 SRS, EdEn
HOAT B 4 B4R 3 Sk A M k& 8 4% (Haberer and Kieber, 2002). 5 [J& 2512
(isopentenyl transferase, IPT)HEAY. 58 i (0 R EF B RN — R P A 8 — IR 17 7t T 5 i
¥ -5’ - =W (isopentenyladenosine-5°-triphosphate, iPRTP)MIEAL RIS HEMNKLE
R T BRI 25 B (Taya et al., 1978). fTEMLFE ST id E3RIE A1IPT4 R AtIPT8/PGA22
R AT DU B A A N A 3 B 97K - (Kakimoto, 2001; Sun et al., 2003). T 4HAE7>
LR AEAE YDA P O Bh A T4 T 2 Rl 4 . 3 3 3R L B (cytokinin oxidase, CKX)
Ak B 40 43 B 2 B AL 70 SR 3 ) (Houba-Hérin et al., 1999; Morris et al., 1999).
T BRI CKX HF & E Yk A g LR KT BEAR, AT SBAR D RERHRKR
A I (Werner et al., 2003; Yang et al., 2003a; Yang et al., 2003b). 1b4h, ZHf17%5
E MR IREEE KB LU A A R RTE B S HME SR L E KL, Wi

HE M (Mok and Mok, 2001).

FEEYRR, ARSERNESHESRET —FELHEENIIUTA T R4
(two component system, TCS)5EM M, Z ARG HZAHRAREES (histidine kinases,
HKs). BiE2%% 125 M (histidine phosphotransfer proteins, HPs)Fl & B2 1715 &l F (response
regulators, RRs) = # 4> Z %.( & 1.4)(Hwang et al., 2012; Schaller et al., 2011; Werner and
Schmiilling, 2009). fEHIFETFH, S REZIE AHKs SHEAIRRESE, H#
BEIX ARSI His KA BBEIR (L, ZBRRE A BB 25 53X K Asp L. [
J5, BREREL P XA T R R B R 12 T 8 AHPs W—MRSFH His £ BHRIL
(] AHPs 3t 40 BA% fo K B BR B 44 14 B R R 7 ARRs b, BETT S T A 4H
HHERN . EFFFERZE ARR, H B A ARR £—3 MYB EXE T,
BERILIY B B ARR T DL B4 A B ARR E NI FIRERIRE, RAKASER
SEBRAEHHERERET. A% ARR RAESRAGSBETHARTET, ATEL
il B & ARR FIvETE, MR T —Fhx4ii 4 RE(E 58400 5 B LR
(Hwang et al., 2012; Kakimoto, 2003; Punwani et al., 2010; Sheen, 2002). 7E#FHEY)
IKFE BRI 4 R R 5 5 7% T8 2(Du et al,, 2007; Schaller et al., 2007;
Tsai et al., 2012).

11
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@,.. AHP6

n|___..

Feedback
inhibition

Cytokinin
signalling
output

B o roteins

K 1.4 4iAREE S 522 % B (Werner and Schmiilling, 2009) .

Mo RE SARRBEE A AHKs) NS & o S HHME S H HE R H BBk, N
THMTHS REWBRNARIRENESHESBRE. BREABNSEERGETREXRE
RRE L, e EHMRERE N AHP) —/MRTRHERRE L. BHRILK AHPs #t—2
K555 RE AT E F(ARRs). AHP6 B T8/ fRAy B HE BRI EE A GE 5 2 Ak Bl B 35 [
FEE&. RERMESR DNA 648K B B ARR B—RKERET, ALY THEHE AR
ARR 7E N [MEEE M RIEAKF. AR ARR 7] DKM 2 REKE S F@E, NTRERIAURE
IR

Figure 1.4 Core steps of the cytokinin signalling pathway (Werner and Schmiilling, 2009).

A histidine (H)/aspartate (D)-phosphorelay (indicated by dotted arrowed lines) through a
two-component signaling cascade is initiated by the binding of biologically active cytokinin to a
CHASE domain of histidine kinase receptors (AHKs) and autophosphorylation of a His-residue in the
protein kinase domain (red). The phosphoryl group is transferred via the Asp-residue of the receptor
receiver domain (green) to a conserved His of the histidine phosphotransfer proteins (AHPs).

Non-activated CRE1/AHK4 possesses phosphatase activity that dephosphorylates AHPs. AHP6, lacking

12
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the conserved His-residue, inhibits the phosphoryl transfer, presumably by interacting with activated
receptors and/or response regulators. AHP proteins relay the signal to B-type or A-type response
regulators (ARRs). B-type- ARRs, which contain a C-terminal DNA-binding domain (turquoise), are
transcription factors regulating expression of their target genes including A-type ARRs. One function of

the A-type ARRs is to repress sigrialling in a negative feedback loop.
132 EMREFSHESRAZBEEE

TEXT A A B EFR A HE R, AR BUANERE N4 A 4 R T BL o IR E R
S F 4 I 2L (Plantago Major) 1 E K Bt (Kuiper, 1988), TIHEMINRE 70/K T SHEY)
KRS B E 1K R B RHI(ELD et al., 1979; Samuelson and Larsson, 1993;
Singh et al., 1992; Wagner and Beck, 1993). XEEIRFEH, HMHEE KT S41HL
AREY WEEERERWER. EEREYRET D, F o N ERREHER
2UE NS R 2 th 1995428 IPT (Takei et al., 2001) , FLr 44PT3 7] DLRE HI 4o
¥ NOs i SR EFH B BMBAREWIRER, T ALPTS WET LN [/ ) NOs-4t3H
% S %674 (Takei et al., 2004), FEBE A 1T oK NOs 55 ) A4PT3 HIRA T gz
F L S S [ 45 I 82K AENPF6.3/NRT1.1 345 f1(Kiba et al., 2011). BE4t,
4 A T ARR FOFRIEA T T LA B (b 3 A4 755 52 (Scheible et al., 2004;
Taniguchi et al., 1998; Wang et al., 2003; Wang et al., 2004). 53—J5 1, 4IH3ZEATLL
LR T NPF/NRTI 1 NRT2 £ R FRE W EE YN NOs i (Brenner et al.,
2005; Kiba et al., 2011), TI7EINEEF AR R R ZARRALIK crel ahk3 HIXHF =
VEFI R RIS, FE A B SRR E TN R arr3,4,5,6,8,9 Fik A 4 P24 U
930 (Kiba et al,, 2011). Bh4h, ZEAREEFHEMARMCIERE o E M RIEAKCF 8
A 7 Fl 7K F 3835 (Brenner et al., 2005; Lu et al., 1992; Sakakibara et al., 2006; Suty et
al., 1993). £ FFTik, MWRAETKTE AR AAERSRRIKT, R 4R
SRS E T LSRRI EL TR ELAEA, SR T R A KA E N
B [ 4% (Krouk et al., 2011; Sakakibara et al., 2006). H 7% A& 7= SHMA KRR HIA
RS ST ALE A H .

13
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1.4 HEEOREREK

KBRAXBEENRBEDNZ —. HR LEFFHMRER, 25 A WMRERS
(Oryza sativa) FAAEM R ILEFE(Oryza glaberrima). W FRFEFEESBRYEE N IH 2/
FitE, TN UE AEF, AR =02 — L BN DR THKLEY. T
FEHEREERBI A AHAT I, URBTFIEMATX, 3 FF=EBRREEH B
R FE s A B & A(Khush, 1997).

TP B R AT IR T B B AL FS(Oryza rufipogon), 1 EBE T HIX A9 NEHERE A4
9000 4 B FF 46 AR 18 BF AR RS 0T H AT 911k (Cheng et al., 2003; Fuller et al., 2010;
Khush, 1997). BE—TZFERTIIRR, ATHCEEHE SR SRR LR
R T R (japonica) MKIFE (indica) B Ze(Kovach et al., 2007). FEREENA T EEE L
X, MrETE, Rz, HAEmHaR, ZFFREERY, 28RS, B
B BRI AR 1 AR B AT REEX, FMrHamk, H%A, A
TR, EFBRERK, SRR, WMIEEEUR, XER. SEMEeE
B 2. — LR, HFEYFEBEARREKE, KBS FIReER, A
B BRI TG OB S — B RN 5 MESE, BN (ndica), aus, R
F(tropical japonica), IR FEFE(temperate japonica) Lk R EFE(aromatic), HH indica
5 aus FE#A 32 R _EBHEIR, W tropical japonica temperate japonica 1 aromatic 1TE3E
WK R BRI (Garris et al., 2005). BT WHMERIEFE R ACIR M KAEFS S5 HIFS R T =2
[l — IR % W — EAESRW. B1TVER, BB KEEERAFFIER &
FEMFREARMERE, AMIZRE T RKERNL ST AR T NS0 55 E
(Huang et al., 2012; Huang et al., 2010; Zhao et al., 2015), #5h 7 % T PR IETE AL IR
SRR R . S EH AR S WSS RSN ASEE N R, Wk
FEFCIR T B R 5 A @ T AR . A\ SE TR P BRI RN 2t i B A R T8
KA TERE, YILE TR M, FEL Aty 8 maby s —3o
—SYMCFRIORERS, T 10 RS B0 I — SN TR S T M X I 55 2 3 R BT AR 8 R A 2
2, &lBEZIRIMLE T EAIRE (B 1.5) (Huang et al., 2012).
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Latitude (°N)

15

100 105 110 115 120
c Longitude (°E)

Orllla_ Domestication,. Ancient japonica + temperate japonica
Southern China indica troPical japorica

Or-1 Cross

Southeast Asia and South Asia aus

B 1.5 MR YILE K815 KB AR YR (Huang et al., 2012).

(A) WBE AR LB AT. TR 500 T54 SNPs (58, HBHERAT U Ol R (L
), Orll 2 (JRf) A Ol (), 4R EET T EEERMET Ol £
(B) IR R (AT IR M e e M @ B A AR M A i e . P R T s D T8 B A RE A 3 A 2
A, EBERIRERRE R LT AR S A RS AR AR FE S

(C) WHRIBRBIOYMLTE. BANERRRTFERAR Orll 2 N@E AR, MY BE
TR 5 AW KR WX B Or-1 KEFAERR AL, FELITKH BRI 7.

Figure 1.5 Genetic and geographic origins of rice domestication (Huang et al., 2012).

(A) Neighbour-joining tree and geographic origins of wild rice. Oryza rufipogon accessions, which was
calculated from 5 million SNPs, identifies the three groups of Or-I (red), Or-II (grey) and Or-III (blue);
accessions sampled from southern China mostly belong to the Or-I1I type;

(B) Geographic origins of Oryza sativa and the locations of Oryza rufipogon accessions. Phylogenetic
positions of Oryza rufipogon accessions during domestication are indicated. Colour index represents the
average of the genetic distance of Oryza ruﬁpogon accessions to all cultivated rice accessions.

(C) Schematics of the origin of cultivated rice. japonica was first domesticated from Or-III in southern
China, and was subsequently crossed to local wild rice in South East Asia and South Asia, thus

generating indica after many cross-differentiation-selection cycles.
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AR R A 45 5 B 2 R Oryza barthi), YT K LIHE46F 3000 4
A, T LI TR T B AR YL R 55 A ) (Sweeney and McCouch,
2007). TR AR IS B RERIAE T B AR B 9 7 BRI 7 AR B 2143 47
TR T AR — B O R B, B, SR A
o 5 T P TR o 22 5 N T 2 TR ) VS R 43 T 2,
EREEIEMEBIE RO YRR RE 7 7 A Tk #(Purugganan, 2014; Wang et al.,
2014),

1.5 EFKESHRENX

AMEREYEENERTR, B2 5ETHEYHEMARBEIENGESRIE
%, EEMEKEEREZRFIFE. T Ea#s) THEER A= 2 HH,
BAREIEA R E N SCRIE R R, EAEY % EAL KR FH 22 IE %7 IR (Frink
et al,, 1999), % RIERLFNKMAIE B™ BRI IRTE 44(Guo et al., 2010; Robertson
and Vitousek, 2009). F ik, SHEMEFEITREITIRNT 2SS EF FHBE.
FRI B R R B E BT .

IKFE R EE MR B EY . W] 72 AR ZE BT FOFR 58 R A 1Y [RI I 35 & A 2800 7K R &
HE KM TR, BREFR R EK S TR RS S KBER R RN,
FRSRAR 2 BRI K R R R A R O R R AR s . A, SRS A ATURLAR i o TR 3 A
MR EREER, RS T KERALE ST, AMIEEZSBIT LT H
JR K (Hu et al., 2015; Sun et al., 2014a), MX¥EX T FEMHEEFEZNTESFE X

BATLIG E X KRB R R PR RIS , /e T — I EF
B RCE TR R I R ARk o FRATT A BB T X X AN SRR B T B 9 iR = /KA
BRI 0 R .
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BoE MBS

B8 MBRERE
2.1 RIEMR
2.1.1 E¥HR

2 3246 HR T F 1) BT 4= B 7K 8 B AHE (Nipponbare, NPB)FI Dongjin (DJ)35 J94EHE
7 (Oryza sativa L. ssp. japonica), 9311, Nanjing-6 FHIFE(Oryza sativa L. ssp. indica), H
AL ERAE. abcl-] RBFRNARBEER. KRKHFHE abel-1 REREWMEA R
Bt B 5 B AR B 32 B BCaFs REFAED . abel-2 R Dongjin B, W
ST [F PR BE K 22(Kyung Hee University, Republic of Korea)ffJ7K & T-DNA #i ARZE
#5042 FE (Rice T-DNA Insertion Sequence Database, http://cbikhu.ac.kr/RISD_DB.html)
(An et al., 2003). Y ik B {0 & VD100 F1 VD125, A BCsF EY, HFER
R K FERR 7T BTERRT BT L A SR A3t

2.1.2 Bk

K B FF 8 (Escherichia coli) # ¥ : DHSa, EHEZAA F ¢ 80d lacZAMIS5
A(lacZY A-argF) U169 end Al recAl hsdR17(x, mk") supE44 N thi-1 gyrA96 relAl
phoA.

4% KT & (Agrobacterium tumefaciens) ¥k : EHA105, ZERFEZIy C58 (rift) Ti
pEHA105 (pTiBo542DT-DNA) (strep®) Succinamopine (Hood et al., 1993).

2.1.2 #HiFx

TLMEE K. pBlueScript SK (-) (Stratagene)
YR ILEM: pCAMBIA1300 (Hajdukiewicz et al., 1994)
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2.1.3 B, X7, FIEFFE
2.1.3.1 B

Taqg DNA REB§: LR = A

KOD-Plus DNA % & : Toyobo Biochemicals, Japan;
DNA [R#|1£ N TI#: New England Biolabs;

DNA T4 ##:#g: Promega;

2.1.3.2 ZARmAERFT

MS (Murashige & Skoog)#h: PhytoTechnology Laboratories, Cat # M519;

JC& MS #: PhytoTechnology Laboratories, Cat #: M531;

L-A % 2 (L-Glutamic acid): BIODEE, Cat #: 1011-01;

L-% & Bt % (L-Glutamine): BIODEE, Cat #:1012-01;

6-"F Z: IR ME i% (6-benzyl adenine, 6-BA): Sigma-Aldrich, Cat #: B3408;

IR BE#r (Agar): BactoTM Agar, Cat#:21410;

f# % A B (trypton): OXOID, Cat #: LP0042;

B 5 1R BX W) (yeast extract): OXOID, Cat #: LPOO?I :

R B K (carbenicillin):  Sigma-Aldrich, Cat #: C-1389;

R #FE & (kanamycin): AMRESCO, Cat #: 0408;

#% £ B (hygromycin B): Roche, Cat #: 10843555001;

— A PR (dimethyl sulfoxide, DMSO): Sigma-Aldrich, Cat #: D1435;

F#EF (rifampicin): Fluka, Cat #: C43H58N4012;

FAERA I FANETE (isopropyl B-D-1-thiogalacto pyranoside, IPTG): AMRESCO,
Cat #: 0487;

7K FF EL T B 5 (phenylmethanesulfonyl fluoride, PMSF): AMRESCO, Cat #: 0754
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=R RS F 42 [tris (hydroxymethyl) aminomethane, Tris]: AMRESCO, Cat #:

0497;
Fir S 1B FR4M (sodium deoxycholate): AMRESCO, Cat #: 0613;
% O HE G250 3ekl: AMRESCO, Cat #: 0615;
—BR IR BEEE(DL-dithiothreitol, DTT): Sigma-Aldrich, Cat #: 43815;
-3t 72,/ (2-hydroxy-1-ethanethiol): AMRESCO, Cat #: 0482;
i35 20 (polysorbate 20) : AMRESCO, Cat #: 0777;
"f‘Zi;’%%ﬁﬁ@?-’EW(Sodium dodecyl sulfate, SDS): Sigma-Aldrich, Cat #: L5750;

4-(2-% 7. F)-1- TR B Z 78 I [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,

HEPES]: AMRESCO, Cat #: 0511
o-B [ — # (o-ketoglutaric acid): Sigma-Aldrich, Cat #: K1128;

SR E IR E A ferredoxin from Spinacia oleracea (spinach)]: Sigma-Aldrich, Cat #:

 F5875;

Y& B R AT 11 1944 Eh (coenzyme 11 reduced form tetrasodium salt, NADPH-Nay):

Roche, Cat #: 10621706001;
10X PCR . RRENRE (LD HRAF;
BB = BiERIR-S WI(ANTP mix): JbRFF/RBAEVHAREGR A ;
B R E [oligo (dT)]: RIBAMFRIE (EFD HIRAF)
MR R, H e R AN AR L2 .

2.133 KF=

B R A Ak EORFI & AR B RRARAT, Cat# DR0102;

Bk N ERERBGAT A (B OEED: B EREREERAT, Cat #

PL0202;
PR RNA REURFIE: RIBEWEH LR HIRAT, Cat#: DP432;
cDNA B—&H AR E: tREXEEVERBFR AR, Cat# AT301;
UltraSYBR Mixture (with ROX): bR ENHLEYREHRAF, Cat

#:
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CWO0956A ;
Sy EIE B X7 & : Thermo Scientific, Cat #: 34096.

2.1.3.4 Bk
anti-Fd-GOGAT Hifk: Agrisera, Cat#: AS07242;
anti-HSP82 Hiff: dbHHEXREAFRM K+ OLHRAT, Cat# AbMS51099-31-PU;
BT B B BB L 2EHP R 1eG: Jb 5 E B B4 AE R FTEA T,
B S YBHE BRI £ Hif [pG: bR S EEBEMEARERITAAT.

2.1.4 1IBEFE

LB RikRs 2. 10 g/L JEEAMR, 5 g/L B, 10 g/L NaCl; ‘

LB Bl f#E75: 10 g/L BREARK, 5go/L BEEHEIY), 10 g/LNaCl, 15 g/L 3/
s

172 MS B9 2.15 /L MS 25, 10 g/L #EHE, 8 g/L TfgH, pH5.9;

T& 12 MS BEEEEF%.0.39 g/L TERMS #, 10 g/L FEHE, 8 g/L Bfg ks, pH 5.9;

IKFEHEAL N6-AS 5575 3.981 g/L N6 £, 2 mg/L 2,4-D, 0.3 g/L BRE FI/KEY),
30 g/L FEFE, 10 /L BEHE, 15mg/l 2Bt &8, 4 o/L EWEE, pH5.2;

IKFEFEA IR BB IR 3.981 g/L N6 £:, 2 mg/L 2,4-D, 0.5 g/L BEEHKED,
0.5 g/LL-FHRER, 30 g/L iErE, 4 o/L YR, 200 mg/L REFHEER, 200mg/L k
AER, 50mg/L HIEEX B, pHS5.8;

IKFERA IS FRE: 44 g/LMS 2, 30 g/L JEHE, 30 /L LB, 2 o/l BEEH
IKFEY), 0.02mg/LNAA, 2mg/L #BhE, 4¢g/L EMEE, 50mgL REEFER, 50
mg/L HIEZX B, pH5.8;

IKFEHEALAE IR FREE: 22 /L MS #:, 0.5 gL L-IHEER, 0.5 g/L BRE Q/Kgy,
30 g/L #EHE, 0.5mg/LIBA, 4g/L HEYELK, pH 5.8,
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2.1.5 EAI S FnLE i &l

PR HREHE E (carbenicillin). FFBH XK (kanamycin). HE R B (hygromycin
B) 53k 175 & (cefotaxime) 5> BIE AR T LB Z B F/KH, T H 0.45 um ALER N Z
R4 1 I 40 3 FERAE T--20 °C; B P (rifampicin) B T — P & TIDMSO0), g5
SEEFRAET-20 °C. INRAFERULI, LA R TARBIRE N 50 pg/mL.

100 mM IPTG: 1.2 g FREFA R ILIEE (isopropyl thiogalactoside, IPTG)# T
50 mL TH =B T/K, HMEFIEHREFT-20°C.

20 mg/mL X-gal: 1 g X-gal % 50 mL — F? £ A i (dimethylformamide, DMF),
4% 5 RTFE T-20 °Co

100 mM PMSF: 174 mg 7 B 355 & (phenylmethylsulfonyl fluoride, PMSF)¥# fi#
F 10mL FHEE, HEEERFT-20°C.

% DT EE G250 YAR: 100 mg £ DETRIE G-250 AT 50 mL 95% ZFE 1, N
A 100 mL B, WEEHAERAESETRKEAE 1L, HELIER, ZRARF TR

BREMRT.

TBE HLYKZE W (20%): 108 g Tris, 55 g #lER, 40 mL EDTA (0.5M, pH 8.0), #Hi#:
e, FEFKEHELE 1L, ERRF.

SDS-PAGE HL¥KZEMR(5%): 72 g HEM, 15 g Tris, 5 g SDS, ¥#f#T 500 mL
£BETK, HEHOEERE 1L EREFERF.

SDS-PAGE 22k (6%): 1.25 mL Tris-HCI (1 M, pH 6.8), 0.5 gSDS, 2.5mL
M, 25 mg BEE, EETKEFE SmL, HF¥EERMASF . FARTINA 50 uL/mL
B-3RE 7. 7

Western blotting # 22 ik: 14.4 g HEM, 3 gTris, 200 mL FEE, EETKE
RE 1L, ZRRF.

| TBST 2 8.8 gNaCl, 20 mL Tris-HCI (1M, pH 8.0), 1.0 mL Tween 20, -
FKEAZ 1L, _
Western blotting Strip ZZM¥K: 15 g HEM, 1gSDS, %M T 500 mL E&EFK,
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WRERRW pH £ 22, EBETKERE 1L, ZRALF. EHRIMA 10 mL/L Tween 20.
HYEFE A DNA FJREUK: 100 mL Tris-HC1 (1M, pH 7.5), 7.312 g NaCl, 25 mL

EDTA (0.5 M, pH 7.5), 2.5gSDS, #Hi#:4%, £EF/KEHBZE 500 mL, FIEHRF .
YR EARBUK: 0303 g Tris 58, 0.4383 gNaCl, 0.5 mL NP40, 0.25 g B4 8

BR4H, 0.05 g SDS, R T S0mL £EF/K, KR pH £ 7.4, {KIE-4 °C {17

2.2 KL
2.2.1 EEKEHE

7R H R F AR . AKFEAMRL S B E T AR W B F X F ER# R 5 K B EW
WHALATAR Y WiTL4R & PR T E KRS R Ak Rig R Bk B BRI ER B E S R
BEYSEH TR EEH . KRS H (A8 30 2 FR R 3K R B T VR AT ‘

IKTETLE SR KM TFIREE, 7 75%0 2B R HRIE% 5 08, mEEAH
30%HI IR KIREHIE BL 30 4780, &5 ALEKMEMT 6~8 Ik, HEFHIFF
BT ARKGEAEEFRE L, BT 16 /NEJLEE, 8 /N EBES. 28 °C & FEK.

IKFEAKIE IR KFEMFT 28 °C. BRBAMGTRIE2KRE, BWHIBME FRHLE
b, BRBABPWNEEERE, BEE 16 /MR, 8 /T EBEE, 28°C 44T,
B 2~3 REH—IRETRI, REFRENIF BRI 5748

2.2.2 7KFEEXZH DNA BYIREY

KEEKFEH FBN 2 mL BOEH, A 600 uL fEY)2E K 4 DNA REUE (250
mM NaCl, 200 mM Tris-HC], pH7.5, 25 mM EDTA, pH8.0, 0.5% SDS) & — 4%k, & H
YA LRREREATERE 3~5 53805, 65 °C 7KHE 30 4340, EXH4NER, 13000 rpm B0 10
S5, B EEEBENRN 1.5 mL 08 S, MALKRORER, HERSEET
-20 °C £330 Z3%F. 13000 rpm &0 10 208, F EE, H 70%LEEMEE 2 R, ZERTF
BRJE#T 100~200 uL EBFK, REFET-20°C.
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223 EMPCR KK

i PCR R AT . REGBRLEEREENEDEES, HRNAE
20l RNKRR:

AR DNA 2 uL
10xPCR buffer 2 uL
10 mM dNTP 0.5 uL
10 uM 514 1 1 pL
10 pM 5147 2 1 pL
Taq DNA B4 0.5 uL
JEEEALY 13 uL

PIFEF Y. 94 °C TR 4 /3%b; 35 MEFF (94 °C &k 30 #, 56 °CiBK 30
TP, 72°C A 1 43480/Kkb) 5 72°C FEMH 10 734 4 °C RTF.
KOD-Plus DNA RAFEF T HAAME KERAN, HRBERA 50 pL KRR
R
IR DNA 2 uL
10xKOD DNA polymerase buffer 5 pL

2 mM dNTP 5L
25 mM MgSOs 2uL
10 uM 547 1 2 uL
10 uM 59 2 2 pL
KOD-Plus DNA polymerase - 1 pL
BAIK 31 uL

YRR, 94 °C TRAME 2 478t 30 NMEIF (94 °C B 157, 56 °C iRk 30
P, 68°C FEAH 1 4:ER/Kb) 5 68 °C IEAH 10 434h; 4°C RA7.
B PCR 1% %2>y Whatman Biometra T Gradient 96. FT¥# N KI5 4% 51E W
X A.
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2.2.4 S RNA AYIREL

YRR R R R B, R RBRAEAES: LR BRAF(TIANGEN)A |
RNAprep Plant Kit #EUEY) S RNA, BAEEESESE =M. FHEM0
Y6 E i+ (ND-1000, Thermo)i I AT EX RNA IR E AR E, fRFT-80°C.

225 RER PCR
FREREXEEMH RE R A A (TransGen Biotech) &4 7= i TransScript

First-Strand cDNA Synthesis SuperMix kit & % cDNA [ 5 —4k4%.
RNAEZRN:

Total RNA 2ug

2xTS Reaction Mix 10 uL
TransScript RT Enzyme Mix 1 uL
Oligo(dT) 1 puL
RNase-free water *hFFE 20 pL

RN HN: 42°C304%; 85°C 5 434¥; 4°C fRfF.
2.2.6 EER¥FE PCR
£ A R R4 i D A R B IR A B (CWBIO) A 7= 19 2xUltraSYBR  Mixture

(With ROX)# 1T 72 8 [k # 3% PCR(quantitative reverse transcription PCR, qRT-PCR).
RNAR R

cDNA 1 uL
10mM 514 1 0.5 puL
10mM 5% 1 0.5 puL

2xUltraSYBR Mixture 10 pL
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RNase-free water _ 8 uL
RNFEFAN: 95 °C %M 10 708F; 35~40 ME}?F (95°C &M 15 #, 60 °C iBk/
IEMH 1 4040); BUREIZESHT 95°C 157, 60°C 1 434h, 95°C 15 %, 60°C15#. Fi
FI4% 82 % CFX96™ Real-Time PCR Detection System (Bio-Rad). # XI5 ¥IFF51iE )
B Ao

2.2.7 REEEHEFRIEE

DLEF 2 B KRS H AR OB 4 DNA HEAR, FIF 5% ABCI1_Promoter F
ABC1 Exonl R, @it PCR fI7¥:3K8 T A& ABCI R EFFX. 5-FFRIFXME
—ANBTF GZBFF] 1~249 fir; DIEIRRGZEIS TS — MRE)+1) K DNA A
By, X — B ERE I PR &I P YIEE Sacl A1 Xmal %323 pBluescript-SK #ik £, B3]
pABC1-promoter JFiFL.

A 45 A A2 Toshihiko Hayakawa #E R ATIRAE T — /> ABCI ZEFIfY cDNA
75/ pOSFGGTS52 (accession number: AB024716) (Hayakawa et al., 2003), 1% R/
ABCI ER 5-A8ERX RROX M 378 M. BATUEF AL KTEH AR
cDNA Jy#é#%, FIF B4 ABC1 Linker F A1 ABC1 Linker R, ifiT PCR HIJ7iE3R%E
TS 114~544 H7ff DNA k. i8id BR &1 N P1B§ BpulOl/EcoRI Ml EcoR1/Sall
R 3R PCR P40 pOSFGGTS2 HITH AL BriZE#23] pABCl-promoter FfL L, 5
#) pABC1 JFiki.

8 3 R 4] 2 P YT BE Sall/ HinIIL F1 Sacl/Sall #R ¥k #2 1155 NOS H1 pABC1 FUHiAY
WAL= %85 pPCAMBIA1300 4k £, 52| pCAMBIA1300-ABC1-NOS kL.

N7 7E ABC1 RIS — A FLAG #3285, FAiTLUKRE B AR I Z£ K 21 DNA
JgkER , I 5149 ABC1_Exon33 F #1 ABC1_Exon33 R, i#id PCR #J/7¥:3k%5 T ABCI
EEEE—MINEF (MELIET) 1 DNA F B, H@id R4 A Y5 Kpnl A1 Bglll
#E43) pBluescript-SK-FLAG /& I, 5%| pABCl-exon33-FLAG Fii. #t—FHH
314 T7 A1 SK-tag R, @3t PCR H757:8%] ABCl-exon33-FLAG fr 8, JF@id R
R EIEE Kpnl/Sall, ¥% /5 BB # pCAMBIA1300-ABC1-NOS EAHM A /7B, 182
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pCAMBIA1300-ABC1-FLAG-NOS Jfifi ..

2.2.8 FRIIZENA DNA FEx[EU

KHEUBIIRMEERTTEREAN SmL 58 AR LB #7549, 220 rpm.
37 °C &M TREER, WEREEE AL IEE R & A WA F (Biomed) £ 7Y
iR DNA $RBORF G BUR AL, Frf3 BURLIRAF T--20 °C.

PCR 7=k SR 14 P DO BEVH AL F= st AT R A vE e A Rk, TERAMT T UIRIE 1Y
s e, AL I ER R R A PR 2 7] (Biomed)E 7= I DNA [Bl Wi &t 4T Bl
gt B #) DNA, g r=¥iR4F1-20 °C.

2.2.9 HEHEEIE

KT B BB 2 A 4 A B A6 iR 4 e A4+ R H BR 2\ 5] (TransGen Biotech).

AR, B E ORI AV ML B AR, BRIES, K ENE
30 4059, 42 °C KGR 45 B, WK LTHCE 2~5 438, I 600 uL ANEHA RN LB
BRI FREE, 37°C. 200 rpm, RGIGFE 1 /NS, HEBRISGA T A M RHE
(9 LB FElfREEFRE F, 37°C BIEHEFIR.

2.2.10 RATEEMRZSHARIH & L BRMENE

R T-80 °C HRITE B EHA105 fEREHILE RN LB B =& LRI,
28 °C (BIE R IR . PRIV BV, BT 5 mL LB MR FRES, 28°C. 200 rpm,
TRGEFFLR. 1% 1:100~1:500 LLEIHEEEE T 500 mL LB AR FREH, 28 °C. 200
rpm, IRGEE TR 8~10 /NS ZE ODeoo 1IEE] 0.8 A4 K HEWE T EWIRF, 4 °C, 4000 rpm
B0 10 i ER K. 7 RE, ERT 0 — EARTRMITE B FKkH, 4°C,
4,000 rpm B0 10 5380, WNEFM. EE E—PE2-3 R, HLE. BEHIE 10%
HMESEK, 9T 1.5mL MELEY, 5% 40 pL, WEEK, R7FET-80°C £&
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HT%H. _

AT, BX 40 pL RIS, bn)\f%%wfﬁ*ﬁ, 1.8 KV HEEALE, W
A 600 uL RArHiAEEH LB Wik 3%, 28 °C, 200 ipm, IFHIEIR 1 /DI, HH
WIS T58 MR LB BEiREsRE b, 28 °C BIEHTR.

2.2.11 KIGREENK

IKFEHR L AL S Hiei 20075 (Hiei et al., 1994). KEMHFHESE, HBFHT
MS EfkiEs s b, 7~10 REFITHN, KRFME, RJRERGAR. 420 KF
AT T REAY, BRSBTS, BHIIBVNRGEESRESR 7~10 REHHAT
RATE RS

FH BT AL IR M R AT I Bk B AR B R AP EHAL05 BBk, 28 °C &4 T34
%03 K5, PREUHMEATIEEMT SmL SEHERN LB WkEREF, 28°C,
220 rpm 55540 16 /NEF . 4 EIRBEIR DL 2% 00 HL Bl E 20 mL SH FIAERHI LB B
PR, 28 °C. 220 rpm 43740 16 /B, #F ODeoo 53 1.0 AR, B-LIER
PRI HSARN AAM ER, BRELEFLE, BREGEKAH AAM ERFHFEE
ODeow 4 0.5 45 . ¥ @AGTE_ EIRBYBTRIBL 30 405, HEEEESR 23 K. &
PR RE, BIEERE, BaGHTEEERLERT. MERRAENEGEES
N6-AS B3t |-, 25 °C £ FHEHE% 3 K. HRGHE 500 mgL BEEBENLE
KB 3 W, BREFMMRERE, 42 A, EEARENEGHEREN
BRI RS SRR b, BT KRR, 2 FRGEE, BARENElEREE
SLERE, EANMLTEE, BEBEARESRE, BRAARNARTBRRER
I8

2.2.12 WS HAEFRME S

- KRB TR RN EE, ELEKTEE 24 N, EEHE BT
FEST 6-2E 5L JRIENS (6-benzyl adenine, 6-BAWRERHEE(0, 1, 2.5, 5, 10 puM)HI& &2k
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ANEREM 12 MS FEREE5:8 L. 78 16 /AN HFR. 8 /NFF RS, 28 °C &M TAK 8
Kig, MEFHREKELAATHEHE, SL4EE/DNE 30 Y, BUFHME, F3T

Student’s ¢ test Z 1T HT -

2.2.13 AEERIFRINIG

KFEFFT 28 °C. BEEFKM MR 2 KRG, BUBMETHFREL, BRAHT
IINEEARERN 1/2 MS MR 7R E(pH 5.8), & 2~3 REH—IKE TR, FHREN
UFPAT 3R, 75 16 /NRFORER. 8 /NIFEBRE . 28 °C &M FAEK. 14 Kf5, EHF—
WAEDEFBHIEM 3 mM MAER, A—HoEwnERRERK, 823 K
F#—EFRR. 12 KRG, SEVMKRES RN SR EEHTNE, S4OEED0E
24 TRAEY), WCFHME, FFEEAT Student’s £ test ZTH4MHT

22.14 HEZEEME

M4 RS RIINES% Lichtenthaler ()77 (Lichtenthaler, 1987). i EEEYIH AL
MER, BT, BMEAVE. BIrARREEE 15 mL 808 %, A 10 mL
Tk B2, 85, BHEE 3 M. UTKZEENTA, RN S ST
(BECKMAN COULTER DUB0O)HHATHZE & E, 75l & & FF fh7E 649 nm Al 665 nm
BRTHRIGE, A TARTERERIH SRS E:

Ca=13.95A665 — 6.88Acas

Cb = 24.96Asa9 — 7.32 Asss

M4 R & B (ng/g FW) = [(Ca +Co)< IR BB B RBE (G B/ in i

B, SAREDR 3 NMEYEEHTINE, BEFEME, 3T Student’s
t test i 4T

SR 5 @ BUR G A A4, (] SPAD-502 4% Z X (Minolta, Osaka, Japan)Xif
H 4% & 1HE (Soil-plant analysis development, SPAD) (Maiti et al., 2004)i3 17 % .
MR ZEDE 30 HRAEY), BCFRME, FHT Student’s ¢ test Zith 4.
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2.2.15 XEEHIRRRNE

FEK SRR, BRI LS 9:00~12:00, IR BIEFRIEIZH BT
Se& Ve FIEREIIE , BTN E$A Li-6400 BUFEHRI6 A 1R AL, AN 6400-11
PRk E. UESERFERBRA BTN, BERE. RERNEIRE. REN
FE R IEIRIRE Y 1500 pmol m? s, CO2 #E 9 400 pmol mol™, i i FE 12 i 7£ 25~28
°C, FEEBEEFIE 40~60%. KM RAMEE, S5HHETRE, L3 Photo {H.

2.2.16 EEYRERQRRER

KA RN TS IR, MARER, ROTEBREERE 1.5 ol 08T,
TINEERYE SR (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Nonidet P-40,
0.25% sodium deoxycholate, 0.1% SDS, 1mM PMSF), j&RiEESIfE, 4 °C. 13000 rpm
B 10 404, B EERESN 1.5 mL BOEH, 4°C. 13000 rpm FREO 10 74,

B AREMEYSER, BEETIKEEM.

22.17 EARKREMNE

E W E B 52 2% Bradford 25 [ & %€ ¥ (Bradford, 1976). Bifil 1 mg/mL 4
1% 17 H (Albumin from bovine serum, BSA)BR A T ruk &Mz . 47515 5 pL-
10 pL~15 puL 120 puL 1 mg/mL BSA & 5 pL YA R e EE R EARELE T,
F 0.15 mM NaCl ¥pFHARFE 100 pLo 4FIIA 0.9 mL % DS G250 F49l, RS
FH%%‘:*&M:%%FWBECKMAN COULTER DU800)J 5E 595 nm ¥ OD W H1H -
YR BSA BEFIE K ODsos 28t britE fh2k, ZetE[RFEHEBWEM OD EZ E
KR, MTHE RS EERKRE.
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2.2.18 ERRIEENTE S H

B A RE LTS % Feng 41077 :(Feng et al., 2013). WHUFFEHEMEEA,
I 6 x SDS-PAGE _EREZZ IR, 100 °C N 10 730%f, ¥41/5 31T SDS-PAGE Hiik.
100 V fEEHIK, BEEVRBSHZERMRE, SREk HTEAR. BEARERE
FERBZMR (0.19M HER, 24 mM Tris, 20%RE) &, ENESEAERKN—
B 12 FRIELAN 1 5KIRVEIT FFEZ (Y PVDF JRIRE FHEEZ Ml . 765 T
A% IEtR. 6 EyE4R. PVDF E. EAK. 6 FHE4L. Hiik. 300 mA {EHR 2 /N
W EAMMZE PVDF L. &85 PVDF BEECT, A TBST SZiZsk 3 e, B
THAZEMNE & S%EAETH 07 TBST i) HERJFE 1 /M. AHEZTHR
# 1:5000 LLBIFRBARN RISE —HUiE (LR RIFR—H0), FRFF 1-2 Mif. TBST &
MVRIEBE 4 IR, BFR S 4rEh. HE M MEE 1:50000 thEIRRESE —Hifk (BLTfERR
ZH, BRI B EB L E LRI ESUNR =YD, ERFE 1 /e, TBST
ZEPRIESE 4 IR, BRI 5 . AGENZRARTERG, XOFER, BHIE.
[&]—35k PVDF A strip buffer (15 g/L Glycine, 1 g/L SDS, pH 2.2, 10 mL/L Tween 20)
R 30 b AR —HUE, BB HE MRS, EH0 anti-HSPS2 ik, EANZ.

BRELR2PEE 3 REVEER, @M NIH Imagel (version 1.42g,
http://rsbweb.nih.gov/ij/)%f i EIEE & 7 AT e E A, FFaHAT Student’s ¢ test il 4>
i

2.2.19 Fd-GOGAT BEE 9 #7

JKFE FAd-GOGAT BEW&E##r I 77 VEEE B LRI 7+ Fd-GOGAT B ¥ 7047 B 77 v
(Jamai et al., 2009), BARFETRINT . WEHEER 12 KA RKBEHERHM F, BIE
JETBN 4 °C T4 IR, 7E 4 °C &M Nl ot B m N SEEL 22 #h# (50 mM HEPES,
pH 7.5, 15 mM KCl, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF), % 1 g FiesEY1 8}
LU\ 1 mL BRI T T B AT RIS 2IES L, 4 °CL 13000 rpm
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L 10 47450, B LEBREFHNEOER, EE 4 K. NEINESHERYHITIRE
W5z, FGEFRS 1 mgmL, BFKLE. |

B VE 5 10 R MR R A FR8 1 mL, &4 50 mM HEPES, pH 8.5, 1% (v/v) B-
HE 7., 3.65mM Gln, 3 mM 2-0G, 0.2 mM NADPH, 4 mM £kEIEE AT 0.2 mL
YR ARy . UARSSEREANRMERIEATAXE, RS/ A
S+ (BECKMAN COULTER DUSO0)I % 30 °C 44FF, RERFRH 340 nm KA
MR 6 (R ()AL B 2%, Asao JRBRIZ R Bi4A R+ NADPH HIHFER . SBRERNAR
B R BB IE TR I RUSLAK F o NADPH JH #6532 10 ZE B A Fd-GOGAT HIBEIE .

FREHE DAL 3 IREWES, FHHAT Student’s  test LT 7

2220 RifEFDH

KIEFFT 28 °C. BRELMHTEM 2 K5, M TERLY, ETIHESEF
Rk, IE TR, 9K, 12 R 15 KM 18 RAWHIH 55, ERETRLHE,
B R BET 2 mL BT, AHRTIE, SO AFRI 6 mg (FE) MBS .

RS B 5 TR R SCHR(Fiehn et al., 2000), HAASIRINIT . 7RS4
(RE R FRIN 1.5 mL 847, RIERS, 37°CBH 45 4%, M/, BMA 1L.5mL &
4 25 mg/mL EE (ribitol, E8WS) M HPLC 4k, VRSIE 37 °CHEH 45 704,
BWIREESNE. ¥ 1 mL KM EEEREHN 1.5mL B0, 4°C. 3000 g &L 10
AERE, AETER. TRENEKEET S0 uL 567 15 mgml FREKBRE
(methoxyaminehy drochloride)fIMtIE AR+, HEBHE, 50 °C i EF 1 /ME. A
50 pL MSTFA % 1% TMCS ¥#¢ i fT 44k, 50 °CiEE 1 /M.

BY 1 pL Sl 4% B FRVRE &, 4 Z24E 40 7890A-5975C SAH B 1/ TR BX Al R St(Agilent
7890A-5975C GC/MS system, Agilent Technologies, USA)H# AT 4347, FEdh#E DB-5 MS
75 H(30 m x 0.25 mm, 0.25 pm film thickness) LAZ-FRAE 3% 10:1 RILLEIREAT 205
R (99.9996% ) FHIEHIZE L] mLimin. KERGERIGERER 60°C, 4ERF 1 4060

C B, BL10 °C/min FIIEEFER 325 °C IR 10 4. B ORERER 250 °C.

Bl T 25 448 7 (BT positive mode)RTRE AT B T4k F IR e DT IR B 43 5 4t
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BN 250°C Al 150 °C. FRiEHMHTEELZ 50~600 m/z.

2.2.21 EAR=HSEHROTUN

ABC1 & H = 4E 45 M T 2 LAEE B8 Synechocystis sp. PCC6803 1] Fd-GltS & 5
[ da AR5 #(PDB ID: 1LLW) (van den Heuvel et al., 2002)9##%, @iL SWISS-
MODEL Eé:%Eﬁ%%%(http://swissmodel.expasy.org) (Arnold et al., 2006)5¢ & «
=N T UE R BT PyMOL %4 (http://www.pymol.org/) fI1E ] .

2.2.22 ZEBRZHEMESHT

W FREE TG L 18 B A T A% R 2 & VE(single nucleotide polymorphism, SNP)
fI 545 B3R H Rice HapMap Project (RHP, http://202.127.18.221/cgi-bin/gbrowse/rhp3/)
(Huang et al., 2012; Huang et al., 2010) /& RiceVarMap (http://ricevarmap.ncpgr.cn/) (Zhao
et al., 2015).

EB VIR ST 8T R BT A4 ClustalX (http://www.clustal.org/) 56 il . 4%

B2 FE 2 HT K& Tajima’s D test BY1F 5 2 Wi K DnaSP (version 5.10.01,
http://www.ub.edu/dnasp/) (Librado and Rozas, 2009) 58 .1 »
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3.1 KB BRR B FERENR abel-1 FIRE S

3.1.1 abel-1 RE AT A BRI GURIE IR

AR TR, BRFAKBAERRG, ik ediisREEH iR
&, BATAI RRRARKBEER RN EEAS 55T TATLUERE Rl
H ASK&(Oryza sativa L. ssp japonica, Nipponbare) A5 58, 7l F F ZL4TR 2 Be kAT 4L %
AR, 78 Mo BEAHIFEST SRR R R FERREE, FEHEasN abnormal
cytokinin response (abc), FAHR—MREBHERIRAMA abel-1 CHKE . BEE, KX
). EWREE RIS B R AT UMK RS AR R A X ERAIC. EIEFEAEKE
T, abcl-1 REGRIVE S REMBEOAGUR, AR RESEIREAE
MREHNEIEFARTS THAEREY (B 3.1A, B). B AMBRAEYIRLFETF (drabidopsis
thaliana) IFF R BL, BYURAT USAURB RS RENED R BELESHIR
#(Sakakibara et al., 2006; Sun et al., 2005; Takei et al., 2002; Takei et al., 2004). [k,
BAIDHTT abel-1 REBEHRIERERERFMF FTRHMESRERHI . RATRIEIL
RS TT DA 58 abel-1 FEBXT 4N R A BURINES (B 3.1C, D), RH
ABCI B F W] LN RAEY R E /K F, FEIEREEYIX g R B RN
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A 12 MS Cc Nitrogen-free 1/2 MS

0uM8-BA ~_ SuMé&BA

0 uM 6-BA 5 uM 6-BA

B 12 ~15 ——NPB D
10 g — abcl-1
3 e 3
Es 210 5
c K] €
T 4 s g
F 2 £ S
0 ® 9 0
0 1 25 S5 10 0 1 25 5 10 0 1 25 5 10 0 1 25 5 10
6-8A concentration (uM) 6-BA concentration (uM) 6-BA concentration (uM) 6-BA concentration (uM)

B 3.1 abel-1 FAZAIT AL 7> R R FIBURAE FEIK.

(A) BFAERINPB)RIRARR abel-1 FEXBRELEE 5 uM 6-FZERRIEIR(6-BAY 1/2 MS #5575 1 4E
K 8 RIS . RN 1 em.

(B) TEXTHRELEH 5 uM 6-BA 1 1/2 MS 8577 % LA K 8 KIK NPB 1 abel-1 SRR FIMREL A
EMRACEIIG 4341 (7 = 30).

(C) HABINPB)MRARANK abel-1 FEXTHRECEE 5 uM 6-BA FITEH 1/2 MS Hi5RE ALK 8 R
4. BN 1 em.

(D) ZEXTHRENE A 5 uM 6-BA FITLA 1/2 MS #5575 4K 8 R# NPB Rl abel-1 AL AR
R ERKERG (0 =30).

BYFD)F R ELAGAEE: N RIRRERTEP < 0L.05)MERKEZP <0.01 ) (T
%)

Figure 3.1 Reduced cytokinin sensitivity in abcl-1.

(A) Eight-day-old wild-type (NPB) and abcl-1 seedlings germinated and grown on 1/2 MS medium
supplemented with or without 5 uM 6-benzyladenine (6-BA). Bar, 1 cm.

(B) Analysis of the total root number and the primary root length of NPB and abcl-I seedlings
germinated and grown on 1/2 MS medium containing various concentrations of 6-BA as indicated (n =

30).
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(C) Eight-day-old NPB and abcl-1 seedlings germinated and grown on nitrogen-free 1/2 MS medium
supplemented with or without 5 pM 6-BA. Bar, 1 cm.

(D) Analysis of the total root number and the primary root length of NPB and abcl-1 seedlings
germinated and grown on nitrogen-free 1/2 MS medium containing various concentrations of 6-BA as
indicated (n = 30).

Error bars in (B) and (D) indicate SD; * and ** indicate P < 0.05 and P < 0.01, respectively (Student’s

t-test).

3.1.2 abcl-1 FREHRWEFREKZEHIF]

abcl-1 FARET K BB AEHEMEK K ERE (B 32A,B). BEEHKRE
11~13 RFEEIEKRE R ELHRE (B 3.20). B0 AR H B 4 R
N abel-1 FARKHITNE, WATRIL abel-1 KBRS R 3 EHIRA B E KT B
HEREY), BXFMEREAKEHEN™E (EF 32D, FEHMD. Wi, abcl-1 7E&
R R, EHEESTERREMTHALEY (B32E G D. BTHER
FENEER a5 S K% SR EEIEH, abel-1 RN it &R S BN R
WEET abcl-1 FEKEEERMEAIBRK (B 3.2K). LR, abel-1 RAKK]
EEFAKN PR ENAEKRK TR,
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NPB abct-1 NPB abc1-1 NPB abct-1 NP abci-1

*W

H 120 oONPB mabc?-1 | 16¢ ONPB mabc?-1 J 25; ONPB mabcl-1 K 12
_100} 14 I 2 a0l £ 1o} 1
5 512 g 5%
z 10| 8% 15} . It
= L _>,'E) e SN 6t
2% 1l N §210 . 20
€ 40t 2 6f oE ™ * €3 4
g = a4l 2 £E
20} ol . O 0% 3 2}
: 3 ke Z
0 0 0 0
30 60 90 120 30 60 90 120 30 60 90 120 NPB
Days after seeding Days after seeding Days after seeding

B 3.2 abel-1 REBRHAEKKERE.

(A) EFAEZY(NPB)FI abel-1 RAAREHKR 2 REIFIF. #R9 1 cmo.

(B) K¥EA:K 7 R NPB Ml abel-1 AR A8RN 2 cm.

(C) HIEAK 13 Ki NPB Fi abel-1 A FEMEVE. #57JUN 2 cm.

(D) HIAIZEK 1 4 H K NPB il abel-1 FE7BEMR. Fr/N 2 cm.

(E) HMEAK 1 A~ H K NPB M abel-1 TR TR . 8RN 1 em.
(F) HE4AK 4 A HH NPB Ml abel-1 R . 784 10 cm.

(G) HIAIAK 4 A H ¥ NPB i abel-1 RARHEMREIEA o AR 1 em.
(H) ANRAKE B NPB A abel-1 REBRFIMRE IS5 5T (n = 20).

(D) FEAKE AT NPB il abcl-1 ALK 73 BEBIHISE T 24T (n = 20).

() AREEARHIK NPB # abel-1 RARKMH G R EENFE T2 (0 =3).
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(K) NPB 0l abcl-1 FARERDEEFERERBGI 8100 = 4).

H). O OFE)THRZLAESE: *RRERREZEP <0.01) (THRE).
Figure 3.2 The abcl mutant phenotype. '

(A) Germinating seeds of wild-type (NPB) and abcl-1. The photograph was taken 2 days post
germination. Bar, 1 cm.

(B) Seven-day-old seedlings of NPB and abcl-1. Bar, 2 cm.

(C) Thirteen-day-old seedlings of NPB and abcl-1 grown in field. Bar, 2 cm.

(D) One-month-old seedlings of NPB and abcl-1 grown in field. Bar, 2 cm.

(E) Top leaves derived from 1-month-old seedlings grown in field. Bar, 1 cm.

(F) Four-month-old plants of NPB and abc!-I grown in field. Bar, 10 cm.

(G) Flag leaves derived from 4-month-old plants grown in field. Bar, 1 cm.

(H) Quantitative analysis of the plant height of NPB and abc!-1 plants (n = 20).

(1) Quantitative analysis of the tiller number of NPB and abci-1 plants (r = 20).

(7) Analysis of the chlorophyll contents in top leaves of NPB and abcI-1 plants (n = 3).
(K) Analysis of the photosynthetic rate of NPB and abcI-1 plants (n = 4)

Error bars in (H), (), (J) and (K) indicate SD; ** indicate P < 0.01 (Student’s #-test).
3.1.3 abcl-1 SRERHI =8 &

EYREFHRE LR EIRAEFRYR, ERERKNSEEE 228 E
BRERIBIE. BT abel-1 REBREBRFZM TAEKIESE, F£ILFE (GBI 54°N, 116°23°E)
KEMHR AT A RS M A dr A 1, Bk, ATEER S BR/KBEE8°30°N, 110°01° E)
St abel-1 FARGERIF=BMHFRMERIET T 5. SHEREWMEL, abel-1 RARK
B EAET N, HEKEE A ERD, fFilR ZIREEREE 22w (E
33A-D), EELREHBETMUMFER (B 3.3E), abcl-1 FRARRKIFEREE
& (B 33F). SEARBEYNM T, abcl-1 REGMFAAMMURATERE. &
W (E33G), ETHEHNEEMRK (B33H). £ LR, abel-1 RASMMUEW T
KBBREFAEK, MEMWTAERKE.
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B 20 e . CcC 6 _L o
R T 5 5 1
Q2
E 15 2
£ g 4
‘6‘, K=
510 5 3
® 5
3] )
=4
s s £
g 1
i 0 0
WT  abct-1 WT abet-1 WT  abct-1
D 20 E 100 F 100
: T fel L
3 80 2 80
Ewst L & c
c Q Q.
= T =
8 360 860 wn
810 £ b}
Q 'L = £
2 3 40 € 40
1] 2
2 s 3 c
9 é 20 s 20
K (G}
0 0
WT  abct-1 WT  abci-1 WT  abet-1
H 25(
. 20 ]
C)
£
215
['7]
2
£
8 10
o
)
8 s
0
WT abcit-1

B 3.3 abcl-1 FERERIF=BAHRER

(A) NPB # abcl-1 RARIFERHERE. H3R08 5 cm.

(B) NPB 1 abc -1 FRAFARFIFEA 141721 (n = 20).

(C) NPB Fl abel-1 RAARK]) — X BAEHE M T3 (n = 20).

(D) NPB Fl abcl-1 RARAEN) ZIRBHEE B BGEH 2 Hr(n = 20).

(E) NPB Fl abcl-1 FRARRIEE LRI G507 (n = 20).

(F) NPB Al abcl-1 SR FIRER BTG T 201 (n = 20).

(G) NPB M abel-1 AR F. #RA 1 cem.

(F) %f NPB # abcl-1 FERGHTHERG 200 = 3).

(B)» (C)» (D)« (E)« (F)RI(H)FHIRLEENIFHE, R RERWEEP<0.01) (T ).
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Figure 3.3 The yield-related traits of the abcI-I mutant.

(A) Panicles of NPB and abcI-1. Bar, 5 cm.

(B) Quantitative analysis of the panicle length of NPB and abc/-1 (n = 20).

(C) Quantitative analysis of the primary branch number of NPB and abc!-1 (n = 20).
(D) Quantitative analysis of the secondary branch number of NPB and abci-1 (n = 20).
(E) Quantitative analysis of the seed setting rate of NPB and abcl-1 (n = 20).

(F) Quantitative analysis of the rain number per panicle of NPB and abci-I (n =20).
(G) Seeds of NPB and abcl-1. Bar, 1 cm.

(H) Quantitative analysis of the 1000-grain weight of NPB and abcl-1 (n = 3).

Error bars in (B), (C), (D), (E), (F) and (H) indicate SD; ** indicate P < 0.01 (Student’s #-test).

3.2 ABCI EEMHN TRbE

3.2.1 ABCI EFE B = FE

KNTHF abel-1 FASHIMERR, BATE abel-1 537858 4 BRI Y B AR #EAT 24
32, BT 17 ¥k Fi Y. BTA TSRV AERIRR . £ RRMAG, BAER
M abel-1 FAKEIAE, HOBELAN 3:1 WPBiabcl-1 = 464:149; > = 0.16), &
Bl abcl-1 FRABVRFREL R o 8 — 122 ER A B SR AR AL
NT Xt ABCI B R BATEE AL, BATE abel-1 TRAAK 5 HIAE M F Nanjing-6 it
ITHAHRT Fo BB, BB RE I abel-1 FARRRTYA ERA T3
LA T . FIF B K R 1) 6 52 B & FF 41l (simple sequence repeats, SSR)7> T4
10K ABCI HR AT 75 G KB R4 TH512 AM7 AT AM6 Z [0 2] 118 kilo base
pairs (kb)IXIBMK, ZXBHILE 15 MEBDRIERRRIEEE (B 3.4 A). A
PA abcl-1 FRAFHRFE R4 DNA NAERR, @it PCR 4 85I 7 D7 VAR T B R A SRR
BB, KB LOC 0s07g46460 HI5E 22 NMIMEFHKAE T — A BRIEK (adenine, A)Z
S IEW (guanine, G)FIZEH A, SFHRHFBEMNE 1141 EERBBERRLys, K)
RBENBER(Gl, E) (B 3.4 B), [N, XERES S| SER KRB T
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—ANAT LA R 1 1 N UIEE Hpy 1881 iRANBINL i, &AM RFTEAR T abel-1 SRR A
R %=, #R#E Rice Genome Annotation Project (http://fice.plantbiology.msu.eduOifﬁE
PERIARE, LOC_Os07g46460 ZiBX K41 15.5 kb, A& 33 MIET (B34B), %
157 —AMBE I 24 5E AL B AR R S8UE B B 1 8 S BR A& B (ferredoxin-dependent
glutamate synthase, Fd-GOGAT)# Bi4£

A Chromosome 7 ¢ X ji y 2Mb
n .......... m,\ L %
Markers 2 2 233z 3 2z32 2
] ] [ ] 1] | 20kb
X | | LI I L 1
Recombinants 3 3 110 014 5 n=307
H 118 kb
[ osarzror |
BAC/PAC PO047807 |
ORFS e » ):I Hﬂh:’m.cm Ha fmt', - +H .
LOC_Os07g46460
1 kb
B ATG -_— abc1-1 abvc1-2 TGA

sl A A A M s

NPB GGA GTA TCC AAA GGA AAC GCA
G V S K G N A

abc1-1 GGA GTA TCC GAA GGA AAC GCA
G V 8 E G N A

Bl 3.4 ABCI ZFHEIAITEkE .

(A) ABCI #E£FFE 7 SR EME ERRSHEL. BPiRET &0 TARLRA B R HR BRI EHE . A
T LR ALH Fy BARILE 307 1.

(B) ABCI ZEHEWIEH K abel RAAEKI RN R E. SBOT7HR. LIRS HIR
BT, FEHERMAE T abel-1 FRBEBRTIRIOCERE TR, EERZEWHEAENT
J7 R AT R E BRAL S R HIE RN RER RN R . abel-2 RBRBFERPIIENALESH
—B& T-DNA.

Figure 3.4 Map-based cloning of the ABCI gene.

(A) Fine mapping of the ABC! locus on chromosome 7. The position of molecular markers and the
number of recombinant F» individuals are indicaded. Number of F» plants used for mapping is 307.

(B) The genome structure of the ABCI gene and the mutated sites in the abc] mutant alleles. The filled
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boxes, open boxes, and lines indicate exons, untranslated regions and introns, respectively. The mutated
nucleotide and amino acid residue of abcl-1 are shown below of the genome structure. The abci-2

mutant allele contains a T-DNA insertion as indicated.

3.2.2 abcl REAKHIZFNL T4

BT EBEEMER, BILEED T —4 LOC_0s07g46460 ] T-DNA FEA
Z275 4k PFG 3A-01082.L, 3 T-DNA [fi# NLEE LOC_0s07g46460 HI%E 28 M E
F¥F (EH34B). PFG 3A-01082.L Zi & EMEF W abcl-1 BEEMAERKKERE,
HIETHEABIE (B 3.5A). abcl-1 34K 5 PFG_3A-01082.L & MR R/EIR Fi
Bk, 4B —LRIHRML abel-1 RBRKIZREINPB: abel-1 = 15: 11; y* = 0.61)

(B 3.5), £ PFG 3A-01082L 5 abcl-1 RBFEHFMRE. Fith, FHATE
PFG_3A-01082.L A& Ar 44 abel-2.

NPB abct1-1 F1

B 3.5 abcl FRAEHIRESEM T
(A) HIEAEK 1 MAB NPB. abcl-1. abel-2 K FiiEkk. FiN abel-1 2EEHERRM abcl-2 22E 1
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IR GR. FRRHN 5 em. _

(B) 1A 4/ F 9 NPB. abel-1 & Fyfik. F5RH 10 cm.

Figure 3.5 Allelic analysis of abcl mutants.

(A) One-month-old seedlings grown in field with the indicated genotypes. Fi: progeny derived from a
cross between abcl-1/- and abcl-2/+ plants. Bars = 5 cm.

(B) Four-month-old plants of grown in field with the indicated genotypes. Bar = 10 cm.
3.2.3 abcl-1 BREVRHIEEEE B AP

NT #F—SRIAE abcl-1 RAMRFIREZH LOC_0s07g46460 HIFARIE R, K
TIMEET LOC_0s07g46460 HIZRILFHIE FLAG InEMaia &R, FETHESE
HFHIIRS) . B BARENIGZREEE RN abel-1 FRAES, BATRIZFEER
BEESE &K E abcl-1 BRiE. SEEECAIM S ERESEK K EHREHESL (B 3.6).
PLESERRE, abcl-1 REBERKIREZBT LOC_0s07g46460 H HIRAERLH, Bl
ZEE A ABCI,

NPB  abc1-1 ABC1-FLAG NPB abc1-1 ABC1-FLAG

C 80 n D25 E 50
—_ 'Yy =
E 60 g2(: é 40 .
z E15 3530
40 2 <
[ =0
= 10 8620
c = =
z 2 =l 2 10
[&]
° 3 o 0 3 2 o 0 3 o™
LS P éz@&@%&&?’ ‘\Q%Q\@’k’%’l:b
() oo =1 A (%) a1 A O ya—
& ABC1-FLAG < ABC1-FLAG <> ABC1-FLAG
abc1-1 abc1-1 abc1-1
& 3.6 abcl-1 AR SRR R

(A) HEEK 4 MHR NPB. abel-1 R RIEW ABCI-FLAG $%EHH] abcl-1 REKEY)
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(abcl-1/ABCI-FLAG). #3/RA 10 cm.

®) E(A)F BB . F7RA 1 om.

(C) NPB. abcl-1 55354 abel-1/ABCI-FLAG B E:EEYHHRE NG 24T (n = 30). AHHS
NEEFREDPRRRS -

(D) NPB. abel-1 52545 R abel-1/ABCI-FLAG F2RIEYIN 4 BN G 24 (n = 30). EH%
S HNEEREMH®RRRES . 7

(E) NPB. abcl-1 334k K abcl-1/ABCI-FLAG ¥EFEYIIHERIHASPAD)K S 4 (n =
30). EFEmSABREREDRIRRARS .

(C)« DYFIE)HHREELIITHEE; *+RREFREEP<0.01) (T HK).

Figure 3.6 Molecular complementation of the abcI-1 phenotype

(A) Four-month-old plants of NPB, abcl-I and abcl-1 transgenic plants carrying an ABCI-FLAG
transgene (abcl-1/ABCI-FLAG). Bar, 10 cm.

(B) Flag leaves derived from plants shown in panel (A). Bar, 1 cm.

(C) Quantitative analysis of the plant height of NPB, abcl-I and abcl-1/ABCI-FLAG transgenic plants
(n = 30). Transgenic line numbers are given below the graph.

(D) Quantitative analysis of the tiller number of NPB, abc!-1 and abcl-1/ABCI -FLAG transgenic plants
(n = 30). Transgenic line numbers are given below the graph.

(E) Chlorophyll contents in top leaves of NPB, abcl-I and abcl-1/ABCI-FLAG transgenic plants (n =
30). Transgenic line numbers are given below the graph. 7

Error bars in (C), (D) and (E) indicate SD; ** indicate P < 0.01 (Student’s ¢-test).
3.3 ABC1 ERBIRIEDH

KT ABCI HETE TS AR E T REMR, BAVEE QRT-PCR 7
R T ABCI BEES A TKABOGIE . 1R, ZEFF. 2, DB, HHA . RSRE
REEEAE (B 3.7). STRERE, ABCI REEM ARk A TR, ER
TOEF. HFH. DM R R AT %S A BT T RIK TR, TER. 257,
S H S A T SR T (3 T PRSP, X5 Fd-GOGAT BHEE
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RIEE YA AR AT IR FGERE R FEE R 2 — B X a3 7+ 1)
WA, 40 ABC1 [FYREE AR GLUI 2 H RIEHEIE 3 & 52 Y6 55 F f(Coschigano et
al., 1998), X S5RATEKIETHERIN ABCI HEELZOLSE T RIEAKPFEEHE
.
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=
o
§
Bl 3.7 ABCI ERIRIEBRRMT

i#iL qRT-PCR HIJ7¥ER T ABC1 £ B A RIMEY) NPB A [E H L T H IR IE KT
Figure 3.7 Spatial expression pattern of the ABCI gene.
ABC] expression pattern is determined by qRT-PCR. Total RNA are extracted from indicated tissues of

wild type.

3.4 ABCl1 2— 1 EGEMZF I8N Fd-GOGAT

3.4.1 abcl-1 IETAE N ABCI EERIFRIEF ABCl EHRIFRNE

AT EEYE AR ABCL FOBSIEE, AT S T 54 BEMA abel-1 Fl
abcl-2 R ABCI ZERNIFRIEKT K ABCl AR EE M. @it gRT-PCR 1
RMTT, BATE IR abel-1 FAS T ABCI 3 705 K 15745 2 BB, TI7E abel-2

RARFAGERINE] ABCI EHFRE (H 3.8A). 5ZH—HHR, abel-1 2k
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H ABC1 EEHHIRBKTEARKELRE, MAE abel-2 TEAFHAGERNE ABC1 &
K (B 3.8B). LIFEERRFRE, abcl-1 FIRARNEM ABCI ZEFFIFRZET ABC1 EHH
FIFR &,

A 15 15¢ B
B B
® ?
K] 4 2 ,
510} S10} _L a-ABCH
(723 n
o @ a-HSP82
[ s ! [
205 505 g |
2 = 2y 1 "
3 i e ﬂ ﬂ
0] Q £Z
14 o o Sy
(4] ()] *¥
NPB abct-1 DJ abet-2 r gu 0

B 3.8 abcl A ABCI ERERIEKT K ABC1 EHHIHRFA.

(A) i#id qRT-PCR HIJ7¥:%T 12 HEK) NPB. abel-1- Dongjin (D) abel-2 ¥ ABCT 2R
FKIEKTHAT O (n = 3). DAEFAERIEY (NPB 8¢ DJ) M ABCI EH FIFEXTFREKFH 1.0,
(B) it A5 ENE R AR EST 12 HER M NPB. abcl-1. DIl abel-2 ¥ty ABC1 EHH
FRBKFAT. B T ANHENEBRBKTFRGETDH (R =3).

RELANMEE; P RIAEFREEZP<0.01) (THERE).

Figure 3.8 The expression of ABCI and the accumulation of ABC1 protein in abcl mutants.

(A) Analysis of the expression level of ABCI in NPB, abcl-1, Dongjin (DJ) and abcl-2 in leaves of
12-day-old seedlings by qRT-PCR (n = 3). The relative expression level of ABC/ in wild type (NPB or
DJ) s setas 1.0.

(B) Analysis of ABC1 protein levels in leaves of 12-day-old NPB and abci-Iseedlings by
immunoblotting. Quantitative analysis of the relative level is presented below the blot (n = 3).

Error bars indicate SD; ** indicate P < 0.01 (Student’s #-test).

3.4.2 abcl-1 FREARH ABC1/0sFd-GOGAT HYSE (R

ABC1 ER4mIB—/ME E K Fd-GOGAT E. 7E GS/GOGAT {&¥ ', GOGAT LA
Gln Fo-FR% —#Q-OG)NEY, HERMFHSF Glu (R “Xikgrd” LLEE 3.9A).
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N THE ABCl B K B Fd-GOGAT B, AT/ L 7 By A BB abel-1
FRAKIEYI T Fd-GOGAT B§iE . Fd-GOGAT LA Fd /5 B F b4, fELEZEM Gln
B ZE 2-0G A fH 4F Glu [ 2 B 75 Z V8 #6 NADPH. i 409l NADPH 7£ 340 nm 4t
R ST {E, TH5 NADPH FIVEFEE TN E FA-GOGAT HIESE (Jamai et al., 2009). &
1R BB A B Y (NPB) M F H Fd-GOGAT HIiE 4124 4.6 nM NADPH/min/mg total

protein, T abel-1 FEAREM A b Fd-GOGAT fIiE 295 2.6 nM NADPH/min/mg total
protein, FiEMEREIR T 20 45% (B 3.9 B). H5X—4 RAH B R, TATKINIE abel-1
KA Fd-GOGAT HIJEH) Gln F1 2-0G K& EH# B & A&, K Gln & ELANE
A RIEYING 232 %, 2-0G S BLNEFAELEYIR 3.4 £%, T Glu SEMRIIEE

AN (F3.90). AFEYERT Gu ERERREPRTFHOMNE, HFSE5TAE
TR A2 BT RE, BRI Glu BO7K T 38 L 4E R0 T HRIRAS TR 3248
YIARZS RIRZ M (Forde and Lea, 2007). KL, FATHEN Glu &% & & H AR IE R abel-1
RAEREMIRE . FARBLERKE, ABCl 2 AH Fd-GOGAT BEiEHEHA.

A B 1553 St 1
B
Glu NH4* 22 4}
Z3
= O x
GOGAT GS <e
SF 2f
oF
hofo] 1+
2-0G Gin tg
20
= " NPB abol-1
T 5.007 ¢in - 0.25r 2.06 , 471 Glu
1 - % xe
4.00 0.20
s : 2|
< 3.00 | Zoas 2
E 2 +=r E &2t
€ 0.04 £0.10 %
5 5 51}
O 0.02 |_L] O 0.05 Q
0 0 0
NPB abcl-1 NPB abcl-1 NPB abct-1
&l 3.9 Fd-GOGAT KBRS 4T .

\Y
/

i)

(A) GS/GOGAT fE¥#fEiEl. 2-0G, o-Mi%—f;: Gln, HEMME: Glu, BEME; GOGAT,
REN; GS, BEBIEE .

(B) 12 Hi&H) NPB F1 abel-1 AR 1 FA-GOGAT BHE I 7347 (n = 3),
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(C) 15 H#&#) NPB M abcl-1 S AR, 2-0G. RAEEREENIT(n=3).
B®F(C)FHIRELAIRHEE: »RRERBEZEP <0.01) (T EK).

Figure 3.9 Functional characterization of the Fd-GOGAT activity.

(A) A simplified schematic map of the GS/GOGAT cycle. 2-OG, 2-oxoglutarate; Gln, glutamine; Glu,
glutamate; GOGAT, glutamate synthase; GS, glutamine synthetase.

(B) Analysis of the Fd-GOGAT activity in leaves of 12-day-old NPB and abc!-1 seedlings (n = 3).

(C) Contents of glutamine, 2-oxoglutarate and glutamate in leaves of 15-day-old NPB and abcl-1
seedlings (n = 3).

Error bars in (B) and (C) indicate SD; ** indicate P < 0.01 (Student’s #test).

R T W Fd-GOGAT iE M 1K T3 abel-1 SR HRIRER, RATHH LR E
IR abel-1 AT T Glu FAMHRK, RISNEMEM Glu 7 AR KSR abel-1
AR ZRRRE (B 3.10). HEWEPERER, £ abel-1 REKF
Glu BI7KF2EN, TAMNE Glu A LUKE abel-1 RAEMKIRE, BAHEN Glu
Z 5B TETEE Glu WA §EBRIER abel-1 RERRIKENR.

ST
‘
, BT

Glu (mM) 0 KRR 6
B ONPB mabct-1 c ONPB mabct-1
25 2.0
£ 20} & 5 7
g 2 15 '—l N
€15 38Z
® zo10
£ 10 52
S g 8705
o 5
0
0 3 6 0 3
Glu (mM) Glu (mM)

& 3.10 RERARRE .
(A) EBEREARERIRE KIS T AR NPB M abel-1 R34 (HHNIFEANEFRELRN
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FEMFAERD . A MBETAEREET0 DAT) KAEEE5H 12 K(12 DAT). #5055 cm.
(B) El(A)TAREIRAE 12 KF5t NPB fl abcl-1 TR E HIFET 3T (n = 24).

(C) B(A)TAEHBIHE 12 KJGs5t NPB Fl abel-1 FAEERIM R & BN TH 3 (n = 24).
BYFI(C)FHIRELAIRHEE; **FREFRRBEEP<0.01) (T k).

Figure 3.10 Glutamate feeding experiment.

(A) Hydroponic cultures of NPB and abcl-1 seedlings (left and right sides of each sample, respectively)
supplemented with various concentrations of Glu as indicated. Photographs were taken at day after
treatment (DAT) of 0 and 12. Bar, 5 cm.

(B) Quantitative of the plant height of NPB and abcl-1 seedlings at DAT12 shown in panel (A) (n =
24).

(C) Analysis of the chlorophyll content in NPB and abci-1 seedlings at DAT12 in panel (A) (n = 24).

Error bars in (B) and (C) indicate SD; ** indicate P < 0.01 (Student’s #-test).

3.5 ABC1/0sFd-GOGAT EHMHIZEM O

3.5.1 ABC1/OsFd-GOGAT 2—/MRFHEHR

B AR E Fd-GOGAT HEFFIH#AT LY, RINKEED I &EEY)
F1 Fd-GOGAT & A& RRTN, HFE5 M REIEESIEE] 60%EL L, 1 HAKFE ABCI
T A5 HAESEYY Fd-GOGAT & H K731 RIVEMERT LIk F] 80% LA L (& 3.11).
B AT IR, Fd-GOGAT & H ] U4 AR EMA S S-S, B+ m
Fd-GOGAT X AJ LAy Ay B F iR IR A R 2K, HA T+ 1 FA-GOGAT
XA ULk —25 A C3 FAT C4 EHIWIZE, XK Y] Fd-GOGAT Ry#ELIE 2R 5 Y
TERE AL AR v X R 55 AR 3E R A AH — B0
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Species gi'UniProt 1D Identity (%)
Oryza sativa 300680980 100 )
Oryza glaberrima 1nQcur*
Oryza brachyantha 573951559

Zea mays 162460721
695006296

g9
98

. c3
Brachypodium distachyon 357116174 93
* 93

Hordeum vulgare MOYMLS' Monocotyledon

Aegilops tauschii 475613524 9
Setaria italica 514736850 94

Sorghum bicolor 242051148 94| c4
94
86

Musa acuminata

Dicotyledon

Bacteria

/& 3.11 Fd-GOGAT & HER FH - B RGEREALR 4T .

DAB K {8 1L B (97K 8 ABCL/ OsFd-GOGAT % H XA RYFHH ABC1 RMUE H KGR
BRAERE N 1000 KEE AP — BN SRR, BIPERT 50%&U ERPKE. &
F 5 51 # 8 [ 5 5% UniProt ID (*) B4 . 57KHE ABC1 & B FFIHIARLUE( %) I T EF . Oryza
sativa, WiNREERG; Oryza glaberrima, IEWIRIEFE; Oryza brachyantha, FACZEFHETE;
Brachypodium distachyon, /N2 ; Hordeum vulgare, N3 ; Aegilops tauschii, W% ; Setaria italica,
WK Sorghum bicolor, %; Zea mays, £K; Musa acuminata, /NREVEE; Arabidopsis thaliana,
WBIIY; Spinacia oleracea, FE3; Medicago truncatula, $SZEETE; Populus trichocarpa, EHRV;
Vitis vinifera, %% ; Selaginella moellendorffii, YL #4¥; Physcomitrella patens, /NILTIEE;
Chlamydomonas reinhardtii, € AKEE; Porphyra purpurea, %$3%; Synechocystis sp. PCC6803, %
i1 PCC6803; Geobacillus thermoleovorans, - HWEiH % M B .

Figure 3.11 Phylogenetic analysis of Fd-GOGAT proteins in various species.

The maximum parsimony phylogenetic tree of ABC1/OsFd-GOGAT and ABCl1-like proteins in various
species. Bootstrap values were estimated (with 1000 replicates) to assess the relative support for each
branch. The bootstrap values of 50% and above are indicated on the tree. Accession numbers or UniProt

ID (*) are shown. Identities (%) to Oryza sativa ABC1 sequence are list.
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3.5.2 ABC1 ZEARIEIREIR

AT abel-1 578k Fd-GOGAT BE PR TTRERIALA], FATXT ABC1 &
HHEAT T ST . YIRS MEE Synechocystis sp. PCC6803 7& —FMR 1 i 1% FR 40
ftA Y, H Fd-GOGAT E B 644 Fd-GItS, —ZfF3| 5K ABC1 EEHKIH
WEPEL N 60% (P 3.11). X Fd-GItS ISR AL BT SLRY, Fd-GltS EE AR
# By 4 #9358 (amidotransfersae domain). H .05 #35 (central domain). FMN & 454415
(FMN-binding domain) F1¥2 F£ K ¥ 45 #4 38 (C-terminal domain) P &5 7 40 Al (van den
Heuvel et al., 2002). fR#% Fd-GOGAT £ A IfR~F, HEWFd#) Fd-GOGAT & H
9,2 F X PO A 45 M8 4 R (Suzuki and Knaff, 2005; Vanoni et al., 2005). th4k,
Fd-GOGAT & AR RTAE R B Rl H A& — B S5k, i miT i & B ik s 1
5 3E B AR 3R 4% BT V) A AL BEE H (Coschigano et al., 1998; Hayakawa et al., 2003;
Sakakibara et al., 1991; Suzuki and Rothstein, 1997). IRATTLASEAEE FA-GItS 2 H ) fer A
Z5#(PDB ID: 1LLW)A#4R (van den Heuvel et al., 2002), i 8 [ 5 =4 25 14 70 7
%k SWISS-MODEL (http://swissmodel.expasy.org) %1 /KF& ABC1 T HFI = A WHAT T
. MEA E, B ABCl & H K =4E450 5 Fd-GItS [ R4 H 5 AR L,
abel-1 FYFRAR AL R MIH 31 B EE M ERZ KA (B 3.12A, B,

St 42 B R ) Fd-GItS 8% [ SRS M IR £ B4R T A R E EER A
HIRA A R B IT, FA-GltS HEEEBIBEMEEH —ATUERo/B/p/alI S ,

B P R i R L RE A% I 45 #9 1(N-terminal amidotransferase domain), g0
BT FREWA Cys-1, Cys-1 EUAEBE(GIn)HKME, LREM—7THARR
(Glu), ST %5 #9181 % 38 38 (ammonia channel Y4312 & FMN 25 5451418, AT
ERA ST Glu. BEEBEEMEMN Arg-31 7L Cys-1 ERERE, FMN 45
ZERIIERAY Glu-1013 AT LS Cys-1 FERGEEHF, BATTLAZERF Cys-1 1E Fd-GltS & 3 1L
Mz e B . Hor, Arg-31 5 Cys-1 [HEBIITERAGESR SEYES)E, Loop31-39
2 FL RO B o- MR iR AL B R AN B JE 71 BT Bi(van den Heuvel et al., 2002). 3E
SEFI R, BATEBILA_ LSS Fd-GOGAT B 1) EEEIMAL i LS TSR

=
=
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Yk E RS (B 3.12C, D), XEH Fd-GOGAT TIEETE &Yt R+
K. M—BF I, abol-1 MIZAEALA Lys-1141 fLF FMN L5448, 1M
SREA B R AR (B 3.12C, D), BER T HAE4ERF Fd-GOGAT iE
M EEER. NZEEH EE, Lys-1141 (ZFT Fd-GitS # Lys-1050) M #k
TREEBEIEES O, He-NH'5 Loop 127-135 (%[ F Fd-GltS ¥ Loop 31-39)
H¥ Cys-130 (%[ T Fd-GItS i Cys-34) JEFEaA. BT Fd-GItS HITEMETRE Loop
31-39 AL B 7E Fd-GItS 458 RYE REM/NIZEN, 1 Cys-1 5 Arg-31 BEIFTEE
% (van den Heuvel et al., 2002). [H I, BATHERITLE abel-1 KA, i IE AT Lys-1141
S5 N 47 B Glu B2 5408 Loop 127-135 AR, &S EEREHIFK.

: \} )
ST )
ABC1KI|I15
Cc
Amidotransferase Central FMN-binding C-terminal
domain domain domain domain

Physcomitrella patens
Chlamydomonas reinhardtii

o274 Loop 127-135

[ 3.12 ABC1 & A =445 M I T .
(A) %L FEHIFE PCC6803 HAEMTHI Fd-GltS & AR Z#(PDB ID: 1LLW); A Lt PA Fd-GltS
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B AR RS AERTINME A ABCL EEE R =4E45#1); A F: DL Fd-GItS AN RIEEH
MR TR abel-1 RABE HABCIMMB K =445k, AT U LERZ48WKSME.

(B) ABCI #1 ABCI¥"'E R | = 445 th B R BE GRS 1 h O iR B OR .. B ARIE T &R
BRI C97. E1104. K1141 & Loop127-135 (A1 24T Fd-GItS 5 A I EFE I C1. E1013. K1050
& Loop31-39). FEAMILMIEHZHEREN 80%.

(C) ABC1 HMUE A A NEl . THEARIEN &A1

(D) AFEFH ABCL K UE AR A BRSO ITFI LT . 40 6RIR CA1 RSN B i 1) &
BI04 abel-1 FIRAAL o

Figure 3.12 Structure modeling of ABC1 protein.

(A) The crystal structure of Fd-GltS from Synechocystis sp. PCC6803 (PDB ID: 1LLW) is shown (right
top). Structure modeling of wide-type ABCI protein and the abcl-1 mutant protein (ABC1¥!'*F) are
constructed using the structure of Fd-GltS as a training template.

(B) Enlarged view of glutaminase activity center of ABC1 and ABC1¥!'*'E, Amino acid residues C97,
E1104, K1141 and Loopl27-135 (equivalent to C1, E1013, K1050 and Loop31-39 of Fd-GltS) are
indicated. Other parts of the proteins are in 80% transparency.

(C) The structure features of ABC1-like proteins. Boxes represent the domains of the enzyme.

(D) Alignment of sequence involved in glutaminase activity center. Known elements important for

enzyme activity and the mutant site in abcl-1 are shown.

3.6 abcl-1 REFHEEBRABRKFE

Glu Al GIn RAEYENEZNENEME, Mo-BE% ZRQ2-0G)E =RBRIGI
(tricarboxylic acid cycle, TCA cycle)F EE W F A=), [Fitk, B GS/GOGAT #EALH]
PRI SN R B AR RO R4 1 ) 25 B 82 25 (Hodges, 2002). 24 T 5. ABC1/Fd-GOGAT
FERREAE P RRIEVER, BATEE AR G- F i B R %5 (gas chromatograph-mass
spectrometry system, GC-MS)H) 5 ¥EXT B AR RV abel-1 SABRBI ST T AR B ¥
ST BT abel-1 AR KBS R G5 & BRI R IR TH A ERIZE 11~13
RIFGEHI, BATLER THRESE 7. 9. 12, 15 1 18 RIEFERM abel-1 T
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RIGE, W B S SR R TR AE ST . BIDEEEIFRET 72 T4
FI ARG, BREERER. B ALK, REWTBRSE. abel-1 S VES EEACH
BRERKCTEHRAE TS (E3.13), BRT ABCL XMEYA R &2 Al 2
FEEERNE L.
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E 3.13 BAEREWIR abel-1 FEEEH EEREABDHAKT.

TSSO I B R A RG(GC/MS)N B A= BY(NPBYFT abel-1 RARMRRAE K BARMA 2 #1TH
WS ARIBEEEFRLPAERK TR, 5K 9K 12 K 15 KK NPB H abcl-1 FIEH]
B AT RMAEZS .. SEHSENRBE S EEMAN T HAEK 7 RS ERGEHRL
DAFEBEENTERER. BIERE 3 KMRRGFHE. TEFRIEFREK 15 R
abcl-I/NPB HIfE, A BAEERERR, ENTERZERM, P<0.01 (Student’s +test). TCA,

=RBIE
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Figure 3.13 Metabolic profiling of key carbon and nitrogen metabolites in wild-type and abcl-1
plants.

Metabolome analysis of carbon and nitrogen compounds in wild-type (NPB) and abci-1 plants by gas
chromatograph-mass spectrometry (GC/MS). The aerial parts of NPB and abcl-1 seedlings at the given
time points were collected and used for metabolic profiling of major compounds in carbon and nitrogen
metabolism. Fold changes of each compound compared with the level at day 7 are shown by different
colors in the boxes. Data presented are mean values of three independent experiments. Boxed numbers
indicate the abcl-1/NPB ratios with significant differences at P < 0.01 (Student’s #-test). TCA,

tricarboxylic acid cycle.

FERMEEBIM 15 FEERY, BEHI(GIn)FIRL B Asn) X HREH
N/C LR IERRTE abel-1 AP RERE (B 3.14). HF, Gln A Fd-GOGAT
FEMIZ —, BT Fd-GOGAT BEWEHIEIK, 1E abel-1 FRAARPRIFR RK A ZIE £
RUFEHIH 2.5~470 £, T Asn 7E abcl-1 AR B/ HRIXE] T 8 A4 R Y 8
3.3~15 f%, [, Asn [IRTRR LR (Asp) AT UIA FRfEAC. thsh, SEERME
VIR abcl-1 F8Z5 0k R AR B (Trp) /K R B35+, T8 B AT AR ZF = iR (shikimate)
IR U BT PR, REA FA-GOGAT BV i FEAKA 7 sl R ZF R IR ISR XK AE
R AR . SR abel-1 AR EFE Glu 72 W F M E IR N/KF 554 RE
YA LA R (& 3.14).

BB B YR N BRI 2L RIE, ALt IRAIBERNE] T 29 Fig
VR, HXHFS5 TCA 183 kb5 HimE A EHEE T EVIEREI R & &
MAEWHITT 5. 220G & TCA BHMPEHAH =Wz —, AFELE
ABCI/Fd-GOGAT MIEMZ —. TE abcl-1 FABMAEF, 2-0G K AR TCA &3 K 8]
FEMI A B BB, AN (citrate) . BEFAPR (succinate) . 1E B R FR (fumarate)
SRR (malate)2 (B 3.15A), R TCA 1EIHIK-FEER S T HDEKTHIRE,
SRIMTAERA TR SR B A5 L, SE AR, abel-1 RS 2B A
(acetyl-CoA) HIRIAY) i TH B R (pyruvate) /K- FHEHF BHEHE (B 3.15A), MHZ
BRI N R E PR E HE SR s, IO BIE 14 Fibk
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Ko HE RIRT A MK % B Bk A4l (B 3.15B).
DL REI, 7 abel-1 RAKFREIERRY, %32 Glny Asn 1 Trp BRI,
PLE TCA fEA 2 E T =Epm, £HEYNARLEERE TCA B BMEER,

JE & T LCART & B 5 5B 75 B R R A A IR AR D UTT R B 2R
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Figure 3.14 Contents of selected amino acids in.wild-type and abcI-1 plants.

Analysis of contents of amino acids in wild-type (NPB) and abc!-1 plants (see Figure 3.12 for technical

details). Data presented are mean values of three independent experiments. Error bars indicate SD.
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Figure 3.15 Contents of selected organic acids and sugars in wild-type and abcI-I plants .
Analysis of contents of selected organic acids (A) and sugars (B) in wild-type (NPB) and abcl-1 plants
(see Figure 3.13 for technical details). Data presented are mean values of three independent experiments.

Error bars indicate SD.
3.7 ABCI EFEANRE LML
3.7.1 EMEkiEfas ABCI EERI SR

T R FE 2 B 0] 4 NAE R (faponica) ARG (indica) AT F . EAERE AIAHEL,
HIFE SR RS . A BRSO BT TH R I H N BN EINGUR(Hu et al., 2015;
Sun et al., 2014a; Ta and Ohira, 1981). 9T & ABCI HEEREZ 5 T HERAAHIRE
STEAEMRI IR, BATHOIEERE. MR aus B 40 NEFFH ABCI ERFEAT 1
. BIENFER, 7 4BCI ERFIKET 177 MEBEHER L S A (Single
Nucleotide Polymorphisms, SNPs), b 31 My TGRS, 5 &R T BERKZ
o 3% 5 ANHER Y SNPs 7EAFFE SRS MR RZEZR, WLURER 5 3F
5] X SNPs ¥ ABC1 EF 4 A=K, Bl ABCl-ja (1le-765, 1le-1293, Ala-1302, Gln-1363,
Val-1417)~ ABClI-in (Val-765, Leu-1293, Val-1302, Pro-1363, Ile-1417) KA T ABCI-in
(1 ABCI-in¥30%A (Val-765, Leu-1293, Ala-1302, Pro-1363, Tle-1417) (& 3.16A).

NTHENFFR ABCI HEFEEBBAARB SN, TATEKTE Rice HapMap
Project (RHP) (Huang et al., 2012)#1 RiceVarMap (Zhao et al., 2015)P8-P40#8 & - %
ABCI ERBTHE, IHEAMBEELES 1,070 MFBIFFIEL, KPaifg
FE b 483 A KRS S 520 A aus ST 67 4. FT7B FERE S AR A48 K 2 $0(66/67) aus
F R ABCI RN ABClja 3. TERTESF, £ 85% (444/520)49 ABCl-in 3%,
T B KIS Rl o SR B4 ABCI-ja 258 ABCI-inV3%A 2% (] 3.16B). VL EZREKH,
ABCI R AT MBIZBOFA N EEN TR T RET 2E.
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A ATG TGA

:hvlvlkllvl\/ll\/ul\/l }mmulvu}}&ﬂlkq:

ABC1-ja A’fA ATA GCG CAA  GIT

I I A 0 v
ABC1-in GTA TTA GTG CCA  ATT
v L v P I
ABC1-in¥®*"* GTA TTA GCG CCA  ATT
v L A p I
B ® ABC1l-ja
8 ABCT-in
© ABC1-inviea

B Other mosaics

japonica indica aus

B 3.16 BIER+ ABCI RN BBZHRES BELT.

(A) ABCI #H e R IR 2 &SNP . ABCl-ja B HARFAEREH 4BCI HEA I
R, ABCl-in RERLLIFRHFEF ABCI FEHIZEA, ABCI-in"PAEHTEH 5 ABCI-in FALL
BH 1 MEEERRZEN W ABCI FEE KT,

(B) REIZKEYM ABCI R TERERG . RIREAN aus BEEHHI I3 A0

Figure 3.16 Analysis of single nucleotide polymorphisms in ABCI in cultivated rice.

(A) Non-synonymous single nucleotide polymorphisms (SNPs) in ABCI. ABCl-ja and ABCl-in
represent types of ABCI gene in all japonica cultivars and the majority of the indica cultivars,

V1302A

respectively, and ABCI-in represents the type with a substitution in ABC/-in.

(B) Different type-pattern of the ABC! gene in japonica, indica and aus populations.

3.72 TBEFETED 4BCI R M

CAWFERNE, HREEETFERBHK Or-lla 2885 A= F8(Oryza rufipogon),
N A TR BRETE Or-1a ZKYMEAAERE AN, TORIREA aus & U4 T-KE
FEM e S Or-1 5@ B A FE I 44532 (Huang et al., 2012). N T 1B ABCI £ZH )
IR, FAE RHP HIEEH X ABCI FIFRNVREFFAT T E, KIL Or-Illa AT Or-1 38

BTG S E AR WA ABClja 35, ABCl-in 251 ABCI-inV13%2A 25, H
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ABCI-in¥302A 287E Or-111 F1 Or-1 ZEEF A FEEHAR PRI LL BB, 235108 42%70 47%,
T ABCl-ja 257F Or-III ZEEFAFEFN ABCI-in 1£ Or-1 ST ARG T T HLBI ) 5 39%
46%, FU ABCI-in¥132A B7ERILFG IR FE RPN, T ABCl-ja M ABCl-in
KM% ABCI F:E M 4> BIAEAF AR S R R R T ok (B 3.170,

Or-llla Domestication Ancient iaponi oonica
————— ———
Southern China ncient japonica jap

indica

Or- Cross
Southeast Asia and South Asia

aus

B ABC1-ja ® ABC1-inV1302A
B ABC1-in W Other mosaics

B 3.17 ABCI ZFFERERBIUCTEF B

ABCI BEFE KR Or-lla KEF ARG Or-1 KEFAR. KRG WK aus P RAEANE KA ELGI.
ABCI-in"A 8] ABCI R7E Or-lla JSEAEFEAN Or-1 SREFARERHUR-F T S I ELBIISBm, T
TENERE . RSN aus BEVRAR BT & (0 EL BRI IR ABCloja Fl ABCI-in REBURIIETEF ABCI &
(3 A, RREE ARG AT G B E 1 ABCL-inV13%2A B ABCT FERTERERBHYIMLERE
IR, TIEBAEREAHIRE & 4 BIRE T ABC-ja BLAN ABCI-in BL[¥) ABCI 2.
Figure 3.17 A proposed route of evolution of 4ABCI in the domestication of cultivated rice.

The type-pattern of the ABCI gene in Or-Illa, Or-1, japonica, indica and aus groups are shown. The
ABCI-in"13A has the highest frequency identified in both Or-Illa and Or-I groups, and is largely
eliminated in japonica, indica and aus groups. ABCI-ja and ABCI-in are the major types of the ABCI

gene in modern cultivated rice, suggesting that the dominant ABCI-in"'302A

in wild rice ancestors were
largely eliminated during the domestication. ABC-ja and ABCI-in were kept in the modern japonica and

indica rice cultivars, respectively.
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3.7.3 ABCI E R TEFISFHEHYML R BN LIk

NTHR ABCI ERRBAEBREBNIMGEIIEFEE T ANTER, RATERT
ABCI #ERF—BEET 5 AHEF X SNPs [ 5.3 kb XE#AT 7 #EL 3 #7. #R3E RHP
R R ) SNPs 15 8., AR T SR FE b EE A H 69 4> Or-1TTa SEEFAER
142 A Or-1 8BFAERG . 218 ANFERG S F0 &% 368 AMHIE SR (¥ P 1l eAT BB AN 43 AT i
if DnaSP %A, WHFERG. HiAE. Or-I KEFARE. Or-Illa KEFARM. WHHEEE (H
FEREAKIAEA ) FIEFAERE (B Or-1 28H1 Or-1lla 28M %) FEfA ABCT FEEIF A BL
BT T EBE SR KR (R 3.1, KRIRIERE ABCI B B
W% A5t 5B ARG+ ABCI FREFE MZH RS SR (ror/mos = 1.275), 3R B ABCI
R BH RIS YT AR R E R . BAGE— RS R SR K
BFAEREN Or-llla K5 Or1 28, A RHILLBZEREZ S, RIL ABCI R K FrEBAE
KRG A SNPs L8, MHEREL SN0, MENFFZXBEILES 38 1 SNPs
AL, BEBZAMr Y 0.00140, 7EXT MR RBRIRIHF A h SEIEw, BEEA
HiiE4EE RN A ZERZ S5 BI4 0.0006 F1 0.0016 (Huang et al., 2012). ABCI %
EEERAAER A TR TRZSESEEFANFF 25 MEMHLE -2, K
ABCI EREEBAKRER YIS PR R A S ATk, Moh, FATxRRE
b ABCI BEER—XIREFFIRAT T PSR, RIUH Tajima’s D {E4 1.24005
H P>0.10, FEEHERRAFIEZMUL, B ABCI BR LT VPEPRES, BAELENEF.
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# 3.1 WHRERALETERT 4ABCI BERENBHERES TS5 PR

Table 3.1 Nucleotide diversity and Tajima’s D test of ABCI in Oryza sativa and Oryza rufipogon

N H i Ow  Tajima’s D
indica 368 11 0.00140 0.00096 V 1.24005 P>0.10
Jjaponica 218 1 0.00000 0.00000 -
Or-1 142 8 0.00363 0.00178 3.20003 P<0.01
Or-Illa 69 19 0.00407 0.00189 391075 P<0.001
Oryza sativa* 586 11 0.00309 0.00090 6.41626 P<0.001

Oryza rufipogon®* 211 21 0.00394 0.00147  4.92856 P<0.001

N, FFISHE: H, BERKEE; n ETESSMEMAREHEREMLAKERMF T 5%
HRERE; ow, ETEHHMSEOTE XN Watterson i TH{H.

* indica + japonica; ** Or-1 + Or-1lla.

N, total number of sequences; H, number of haplotypes; 7, average number of pairwise nucleotide
differences per site calculated based on the total number of polymorphic sites; 6w, Watterson’s estimator
of per base pair calculated based on the total number of polymorphic sites.

* indica + japonica; ¥* Or-1 + Or-1lla.

3.8 ABC] EENSHMAEESSHIEHRIMENENERR N

3.8.1 ABCl EHHTWEFEEBRTECHAEMES O

NTHRTCRRIERE ABCI ZEFF 5 ANFER X SNP &R B R KB R B R T
Fd-GOGAT HI¥& 1. BATHRIE BN ABC1 BAZHELEW AT T 5 MUK AERK
FH 2 A0 E . WHENE Fd-GltS B A AR LM AR T Fd-GOGAT E&H B
TEHEG . BRSO S DK E A S B R MR AR SR ) BT (van den
Heuvel et al., 2002). A7, ATRIL ABC1 FEH X 5 MEAR L RIFEZERHIE
FEER TR L BT AL B 25 )7 B 1 B X L L RS AR SS (B 3.18A). IS, A
Yifhh ABC1 FEER AR FFIL &R, X 5 MEER. BT FEERNEE Ea?ﬁ
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FAE H AR B EANESER (B 3.18B), FUXLA S EEBRRERAT IEE
Bert. EL, FTATHEN ABCI ERFIX 5 MNMEREAZEBR LA SNP ;4% ABC1 B
TETE R AT BE R/ o '

A
C-terminal domain Loop4
(1331-1615)
j . FMN-binding domain
L ¥ (888-1330}
0,
¢/ .; :1’ &
Amidotransferase domain
(97-523)
Central domain
) y  (524-888)
r
B
Amidotransferase Central FMN-binding C-terminal
domain domain domain domain
L

C .0. .................
Oryza sativa I g i .Q l
Oryza sativa subsp. Indica AR v P 1
2ea mays v o §
Arabidopsis thallana v 1
Medicago truncatula v -]
Populus trichocarpa 1 9 v 1
Solanum lycopersicum [ | I M E I
Physcomitrella patens I 1 [ | l
Chlamydomonas reinhardtii 1 SEM l E
Porphyra purpurea 1 | ]
Ectocarpus siliculosus ] v s E

1 B s r ¢

Synechocystis sp. PCC 6803 :
12

97 Loop 127-135 765  Fd-loop (1007-1024) Loop 4 (1059-1104)

©w
hry

3 1302 1363 1417

& 3.18 ABC1 EH+H AH SN EERBRENLE ST

(A) 5 MEH SHEMHRERZELT ABCl EAWNSME T FTEKZRAE. ABCl EARK =4
ZER R LAEE L3 Synechocystis sp. PCC6803 H Fd-GItS & 1 1 d R £5#4(PDB ID: 1LLW) AR AL A1)
%osﬁﬂﬁ%#ﬁmﬁﬁﬁﬁ%uﬁéﬁﬁ,Bﬂ%%%%ﬁ%ﬁ#uﬁéﬁm°§5%44
SHEAFIUBE. Ga. BENEKAXS, HEEHEREN 60%.

(B)ABC1 EAM—Z&EMENRE . FTHEMRRE ABC1 ZEAZ NS,

(C) NREFTH ABC1 EBEAKFFILN . AERREEBIARBIEEERNAS, HEXR
ANER 43 C A Y 2 R e v A TT A
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Figure 3.18 Analysis of the position of the variational amino-acid residues in ABC1 protein.

(A) The spatial locations of the 5 variational amino-acid residues'in the perdicted structure of ABCI.
The structure of ABC1 is predicted based on the crystal structure of Fd-GltS in Synechocystis sp.
PCC6803 (PDB ID: 1LLW). The 5 variational amino-acid residues and the known elements involved in
the enzyme activity are shown in red and blue, respectively. The domains of the ABC1 are shown in
orange, green, yellow and purple, and in 60% transparency.

(B) The primary structure features of ABC1 protein. Boxes represent the domains of the enzyme.

(C) Alignment of sequence involved in the enzyme activity and the variational amino-acid residues in
different species. Known elements important for enzyme activity and the variational amino-acid

residues are shown in blue and red, respectively.
3.82 ABCl-ja 5 ABCl-in BIEMERAEE

RTINS ABCl-ja WRF 535 ABCI-in B FH A Fd-GOGAT HIFEHE=2R
HFREER, BATBTEZHET UAIREAM 9311 AE GG BN &R
(Chromosome Segment Substitution Lines, CSSLs). 7E BCsF2 Bk, FRAIFERIFH
& ABCl-ja ZRMMARRR, 258 VD100 A1 VD125, He, VD100 Ff# 7 B
%14 2.8 Mb, VD125 HfC#: A BE2)5 9.6 Mb (& 3.19A, B) o 5 5% BN 2 3 A
R, Lk BRIE VD100 Fl VD125 H1 ABC1 & AR BAE SEEREY)
9311 EHA—F (K 3.19C). Fd-GOGAT Bgig iR, Hefati Bi{#H % VD100 A1
VD125 # Fd-GOGAT HITEHE 5B ARIEY) 9311 L EZRARE (B 3.19D), 5
M BTN —3. PAEZRERY, 4BCI EHBREEHTER. MR,
BT fe I H B 5K R R A T 8] 00 RN 22 52
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931148ctis

A NPB 9311 C

931148ctia

VD100 VD125
“ “ B 20
-
;8 1.5
£< 10
S ©%gs

Fd-GOGAT activity &

(nmol NADPH/min/mg
total protein)

o N > [«>} [o]

7'

NS P

¢) N N
9311 VD100 VD125 L P
931 1ABCY~/‘ 931 1AEC’~II

& 3.19 ABCl-ja ZER Gtk i BARR¥# R I FA-GOGAT FEHELSHT

(A) HARNPB). 9311 K@k B RIkRZERALHREE. VD100 f1 VD125 NEFES
ABCl-ja fii 5 1) NPB etttk 5 BRai &bk R, RBABsriilJe 2.8 Mb A1 9.6 Mb. BEAURKE
NPB 14y, AEARERE 9311 BT

(B) HIAAK 4 ANHAK 9311, VD100 1 VD125 k. #7/A 10 cm.

(C) B A B ENE A M7 EN 12 BB AR 9311, Jeta ik Fr BfU# & VD100 M1 VD125
M ABClL R E MR RAEST. B THAHENEORBKFHFET D0 =23). RELL
AREE. GIFATREZFRFEZETEER).

(D) 12 Hi#4 ) 9311, VD100 F1 VD125 M A 7 Fd-GOGAT Bgv& 4T (n = 3). St HER
REET K.

Figure 3.19 Analysis of Fi-GOGAT activity in the CSSLs of 931145¢%5,

(A) Genomic structures of NPB, 9311 and the CSSLs. VD100 and VD125 are the homozygous lines
containing japonica-derived fragments 2.8 Mb and 9.6 Mb, respectively, around the ABC! locus.
Fragments from NPB are blue, and fragments from 9311 are red.

(B) Four-month-old plants of 9311, VD100 and VD125 grown in field. Bar, 10 cm.
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(C) Analysis of ABC1 protein levels in leaves of 12-day-old wild-type 9311, CSSLs VD100 and VD125
seedlings by immunoblotting. Quantitative analysis of the relative lével is presented below the blot (n =
3). Error bars indicate SD. No statistically significant difference is detected (Student’s #-test).

(D) Analysis of the Fd-GOGAT activity in the leaves of 12-day-old 9311, VD100 and VD125 seedlings

(n = 3). No statistically significant difference is detected (Student’s -test).

HAh, FARIL VD100 A1 VD125 XA E ABCI-ja B AR Fr B R R fOR 2
RETHE., SEAER 9311 HWFTAEEL, VD100 1 VD125 MFHKEHEZEREK,
BB FRKERBRET BERNTNL (B 3200, SX—4R 8, BINEERE
ABCI #F (T 284 Mb) Tl — M SHKMHREREYMX (AT 28.8~29.0 Mb)
(Huang et al., 2012).

A
9311
VD100
vD125
B,\1°'5 0.4 % 40 -
[ " = s -
§100 o E 03 bl = 35 hid
= 9.5 = g
g 9.0 g 0.2 £30
e 85 < g
§ J © 0.1 —:' b
§ s s (11
0.0 0.0 ® 00
N $ o) N N} N O \
o) N N3 S v
& \\O\ \\0\ Q‘b 40 A<>'\ o_,‘b 40\ 40\

& 3.20 Yetafh B AR B R VD100 F VD125 kiR 5347
(A) 9311 Rtk r BRR ¥ & VD100, VD125 MFhF. #:RA 10 cm.
(B) %t 9311. VD100 7 VD125 fFHIK. TEKEWRHGIT 0 = 100). RELIIRHEE;

FFINERKBEP<0.01) (T BH).
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Figure 3.19 Analysis of the grain shape of VD100 and VD125.
(A) Grains of 9311 and the CSSLs. VD100 and VDI125. Bar, 1cm.
(B) Analysis of the grain length, the grain width and the ratio of grain length to width of 9311, VD100

and VD125 (n = 100). Error bars indicate SD; ** indicate P < 0.01 (Student’s #-test).
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BEE FigSitie

FEX AR 5 R, AR 2R R T RIE KRS ABCI RS T — 1A
EMFHRRKBSEEE AN A EREIEF-GOGAT), ABCI EAERETKEA
Rt R ERE P RIE T EENER. Bid EMS BRRBINFHRENE abel-1
B SHEEFHERT MR, T8 T-DNA EASBHIRREMR abel-2 W AH E ™
BRI FEEHRIE, B ABCI EFRSDKBERNEKRERFEFEREN. 5
— BB R, BEIAKEN Fd-GOGAT ERIMFL ML FEUEY H IR
B4 KRBT R R EGEBILHIIN SR (Kendall et al., 1986; Lea and Forde, 1994;

Somerville and Ogren, 1980a).
4.1 ABCI EEIBIEKFRERE AR KRR T

GS2/Fd-GOGAT 1B R BERNAEIIA RS M2 5 R AN AR EEILE
22 A SRR S AR R AR ) NH4 i 8 R AL(Lam et al., 1996; Potel et al., 2009). 5%
FIPIR A EBIH R E N, WAAREEIN NHS 2 EY N R R
NHH 10 1%, REDEIERNEERFE(Keys et al,, 1978). £ abcl-1 REKH,
ABC1/Fd-GOGAT HITEEFEIE T 41 45%, EJEH Gln F 2-0G & BHRE T REFK
R, T Glu fI7KFESANIE/N . Glu Mx e K/KF T fe 5 HERERA R
4% o0 T &b AL B A8 9% (Forde and Lea, 2007). T H abcl-1 FA4RH Fd-GOGAT i £
I IESE 4 TR0k, FRAFHEIE ML T RRTE 4R 3F Glu /KPR RHE THEH . 5iX— 45 R0,
fEFIE R X RNA Tl F&-GOGAT 2R MR EMEHE IR EL 60%HHH T, JRY)
Gln #12-0G W& BT RET BER A, T Glu B8 ENABXI 35 € (Ferrario-Méry et al.,
2000). & Fd-GOGAT 4, HEPAHIETEIESR—F KB T NADH A1 GOGAT, Hf
NADH-GOGAT, 5 Fd-GOGA R[, XEMFEHETINGERLARATSS5EY
SR VI A4k (Bowsher et al., 2007; Forde and Lea, 2007; Lam et al., 1996). abcl-1 5
A f& Fd-GOGAT HITEMERE{%, T NADH-GOGAT M7 bA7E— e f2 B EoRkb R R4
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GhBA. Bb4h, BRT GS/GOGAT &3, HEWEALE —EHMNEEHESS THEMHEA
B R, R & B & B (asparagine sythetase, AS). 24 &M i & BF (glutamate
dehydrogenase, GDH)%%, XEEEELETE 55 4F T AT LASE AL NH4 B Glu BO%4L, M=
K H GS/GOGAT HIE R4 iE FE(Lam et al., 1994). {HXLEEGH A S 5 PIRE H Y
Rk, FER, AW ITERE, BR abel-1 RAMEN Glu KPEESREE, HH
BN Glu T3RTT LLIBARE S, RO Glu (07 B I TR abel-1 SN
FE, MRESSHARPE.

B Fd-GOGAT &1 (IR, GS/GOGAT 1EH 3%, Gln 7F abcl-1 FRAFEN K
BWRER, KW abel-1 FAMAAT UL HRITHESH NHAE S, BT T
HABRE Glu FXCE BEBIE, KRR UEEOLRMEAET B NC HLHEER Gin
. ER, F—FhE NC IR ER Asn & B abel-1 AKX F 554
ROREYIAR Lt R RE ST B 0, HIERTE Asp U8 B E 2 FRK. MRATRINEHA
HEBIKTAEERRE. HTH NC HHEERBEHIARBEYENEIE
[IREEEFIE ST R (Lea et al,, 2007), abel-1 FAMEAR N N/C LR AR I BT A8
BT B BRI AR KT, ELHANAMEFBERIERGEETHRA, m
REWERWAT ST EDERAEE. 5X—SERERBE, EREFETEK
PR Tr, HARNE IR AT 7KF £ T i (Tschoep et al., 2009).

TCA TE¥NR H— RAIEHE R RA MM RBIRE, BT LUNAEYR R R b 2 R
th ATP, R B5HARBIREFEEFRE ZHIB R (Sweetlove et al,, 2010). 2-0G
& TCA TEH R BRI 22—, RN t2 TCA 1835 GS/GOGAT M EBERE &,
[FI R 0 R AE Y 4 A B R RS 78 P B 2 BB 2R (Hodges, 2002). £E abel-1 AL,
2-0G K FAth TCA 1BFF I P IRMCH = /KT S B A B EMA L R A T MR R,
13X 8 o ] =4 [ HoAh G HLER S AR RAR P B8R B T abel-1 AR 4R 2-0G IR &
BlA2M. At BT abel-1 FZERT Fd-GOGAT ¥EMEMIBEK, SEEMME A SRR
SRR A B NHe A Ref KB R RER R . T abel-1 RARBAENIR RHB VLR
KT, FeA R R (malate), ] LMEANGEMFINT ORI & 0BT FA, DR
“f BB 1E % 19 pH {E(Scheible et al., 2004). T AR TR, TCA EHRFPHH N EE
[y o [B] 7= ) 4E 5 2% R (fumarate) 7] LATEVE RS & BUS R ZRHIOIE I T, BAREUR 5 AR
B e E J9)t& /5 FI B EE (Chia et al., 2000), abcl-1 R EFIEN RN LENE
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r%%Tﬁ%W%%@ﬁF%%&%ﬁm%ﬁo%L%ﬁ,ww1%§%¢
ABC1/Fd-GOGAT J& 1 i B RN B T KRG BARBIK T, B T AR AKF B
R EACHE T, T e E BN EEE TEER abel-1 RAMAMAEN Gln F 2-0G &
ERREA.

4.2 ABC] EE BT EIER R K FEEHERESHER N

Mo L E T LR RE SRR EEA, SR AN — RIEENK
14 (Krouk et al., 2011; Sakakibara et al., 2006). F3Z I, YA RIESE S 7T ELH)
FIASEAR. BB URARASRERR. MA—HE, HESRELTUHFRE
YR BEFRTEMREKCT, REaAFERKEENNARS K E T (Krouk et al., 2011;
Rubio et al., 2009; Sakakibara et al., 2006). Fitt, TEXTHIMAFER KPR H KIREE
5 i F IR B B RAL SRR W I BB 2 4 o abel -1 SRR AR IE H A K A TXT 4R
SAENPREERTHEAREY, MERRNEKENT, abel-1 KB MIY
ZE S NE TS, FRE ABCT 3 H AT LUE T % KRS R FE K IE R R 40 i
S BLE BN . X S5 7E T IR T R R IR B VR A R A G K
B35 I FUB I 2 — B ¥ (Sakakibara et al., 2006; Sun et al., 2005; Takei et al., 2002;
Takei ot al., 2004). abcl-1 FABMMAFMLATRE, XHSHEHEIAOHALS 2K I
HAGUR, FH abel-1 FERNARHREESHIZATHM, H 4BCI ER
YRR KRS CREARSRENESHS . MRAFK PR THED
EHEREFKTE, WBT abel-1 FREHSTHRSREHIMN. FERREIHIGHE
REH, EREFTBINEIBRESHFREPN A BRNFTET 4RR B
157K ST DL R [ () U B 45 BT iR #8 (Scheible et al., 2004; Taniguchi et al., 1998;
Wang et al., 2003; Wang et al., 2004), XBRIEA] 4ABCI BEX MM REETH B
RS T B8R IBIT IR IELE OsRR HIZRIA/KF SR -
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4.3 ABC] EREERIEEBH AP EGUES T

REFHACTEREYE K EEREIE T, FIHEYAR R B TR R R0
REBW T EDNA KK E R EAEW R 7= B M fi(Lam et al., 1996; Lawlor et al.,
1989; Xu et al., 2012). JZHHEREEFE AT B 3 2210 MO8 5 RIS FREA B RO BugkiE,
U b P X EAE MU . A, AHAREFULEER SRS 28,
REEULTES, MRS P EAC K RS W AEX 855 (Hu et al., 2015; Sun et al.,
2014a; Ta and Ohira, 1981). X{/KFFIHER iz T NRTBI.1 B BT Rent 58 fadt 4k 40
BT, HRESMEYLRERE g R 7 X NOs#izie /1 =iy NRTBI.1 KIZEERE 2R
B, FHAEGSMEE TEREK NOsHIRIAE ), B2 HUARRE T /KA e 8] of AR &L
L0 Z B (Hu et al., 2015). BiEX ABCI [ FIRZF RS ST T, BATRIL
ABCI BRI E SRR RETHENS L, BRAFRE T 4BClvja
RA) ABCI E[, MR ZHEHFENRE T ABCI-in RBIH) ABCI ZH . AT, &
T Gt 4k B AR R 1Y Fd-GOGAT Y& 134T, FATKRIL ABCl-ja 1 ABCl-in HIIE
HERHFAEE. o, SEBEFERMTINERERE S ABCI R HER S SR
SITRY, ABCI ZHEFFARKFEIM SRR P N TEBFER BN A R 4BCI £
PR 1) 43 28 15 7K R AR (] S b [ %o RO AR U M (K 22 e R R IR/ o XA TR A Ff ok g 2k £ 4
SNP ##E Kot e, KBRS, —S2 578 RGEREREEZ D)
TAT®ERE, AFEREEFNRD. &FETFAMT). EHREREBNR). 525
fZ 6 I (GS) % (Xie et al.,, 2015). XEIUEAAEIF ARG T IRBERERIDAL T
GOGAT 1 b, HAEMK — R I R NHW LARRH| GOGAT AL R B2, FITTXf X L
ERFEERGHAT, GREEHBER, T GOGAT = H MR IA Al fe X —id
T2 i 2

Sof PN FE R AR SR B, PR IS FEEIR T T F A IIBRVLIR I, A
BB S BT A RZ(Or-ID AT YL, TR T ¥ERERIAE S8 A, TORIFE IR TR RgAE 2k
a5 A0 TR M 2R B A BFAE RS (Or-D) A Y 2832 (Huang et al., 2012). ZHRZ &
YR RIL, R AR A RRNS L2, RYDERNYMLERE N T RENE
ST, 75 Or-TI1 2K B A= g v 2 TF M A KRG AR 45 O 30 B R 1R PR (Gao and Innan,
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2008; Huang et al., 2012). FEFGREM T ABCI-a 1R Al RERISR B LR R HIL R
On-IIT KT A TR B, J— EL(R R s — ML LTS, HIEE
BB RAELRENE, DR E 2 K EH4k(Huang et al,, 2012). MK IE
FIYIAL I R 0L (Civa et al., 2015), HIFEZEEYIALLRR o B4 i T FELL R RIAE
LI AR {RE T ABCl-in, TidE ABCl-ja Bl ABCI-in"1%A,

44 T{ERE

WA R E SEMAE RN EE TR TRA N EE, ENERREE T —RIHE
WK K B 2 (Krouk et al., 2011; Sakakibara et al., 2006). #ATf, LAMERIBIAEZE
BT YA KRS PO THEAT RN, Hik NOyBHEBNARESHTE
BT A ERE KRB (Krouk et al., 2011; Rubio et al., 2009; Sakakibara et al.,
2006). Ti abcl-1 TR —AMRRTIEEFEHREE, HiAN—SEENRE
BEENBEIFRNEERETAENEN, R abcl-1 RABEXTMMSRE G
HHSH TR, ANAARLSHARSRERESRARMEERNRENEEM
Bl

ABCI ER4IBH Fd-GOGAT, Z/KBARMLKRKAPHENEZERTET. £
BEFRFIE], ABCI E R B BB M4 BIBLR , (R 1XFh 4y 2 FF B fE L [A] Fd-GOGAT
HEMEF= 2R, MRS EESTRRA ABCI BARANTLEFENILAI L, 5
ABCI EEHEA B BREAEMS ANE . BATNEZEBEKRERERAARZ iYL
X g —A5 ABCI FFAHAR, ELEXF B IR A 7K 8 AR K (Huang et al., 2012), T
X— MR R TS EZ — . X ABCI E R S5ZEREYILX <B4l LS F 4%
ABCI BRI FER A F R E I R BIIR LR
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£ A1 BfEEMTHTI YRS

Table Al Sequences of primers for genetice mapping

Gk B 5l (53" &

AM1F GATTATGCCATCAGGAGA Mapping
AMIR TTAGACGGAGGCAAAGCA Mapping
AM2F TGGAAGTTTCCTGGCGATAG Mapping
AM2R TGGTTGGACTGAAAAGTCCC Mapping
AM3F CATGTAAAACAGAGCGACCG Mapping
AM3 R TCTAAAGTACTAAACAGTGC Mapping
AM4 F AGAAGAAAATGGCTCGTAGA Mapping
AM4R ATTAGAAGCTTGGAATGGAA Mapping
AMS F ATTTCGGTTGATAAGCAT Mapping
AMS5 R TGACGTTTCAAAGATGAG Mapping
AMG6 F AAAGTAATCATCTTTTGTG Mapping
AM6 R TACAACCTCTGTTCTAAAA Mapping
AM7F TTACTATTCTGCAAACCAAA Mapping
AM7R CGTCCTGTACCAAGTGACTA Mapping
AMSF ACTTGCTGAAACGGTGATAC Mapping
AMS R GTTGCTGGTAAATTGAGTTG Mapping
AM9 F TTACTATTCTGCAAACCAAA Mapping
AM9 R CGTCCTGTACCAAGTGACTA Mapping
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Table A2 Sequences of primers for sequencing of ABCI coding sequences

Bk e B3l (5-3) R

ABC1_Seql F2 AAGGCAATCAAATCAGTTCA Sequensing
ABC1_Seql R AAATGCTCGGTAATGTGGG Sequensing
ABC1_Seq2 F ACAAATACAGGTGTCGGAATG Sequensing
ABC1 Seq2 R2 ACTTCTGCCACTTCTTAGCA Sequensing
ABC1 Seq3 F ATCCATTACTTATGCTTCT Sequensing
ABC1_Seq3 R CTAATAACATTGTCACCGA Sequensing
ABC1 _Seg4 F GTGATGGAAGGACAGTAGG Sequensing
ABC1_Seg4 R TAGGAGAACAGTAGGGGAG Sequensing
ABC1 Seq5F CTCAGACTTTGTTCCATCG Sequensing
ABC1 Seq5R AGCACAGGACTTGATAGGG Sequensing
ABC1 Seq6 F TTGTCCGATTTGTAGGTTA Sequensing
ABC1_Seq6 R ACTGGTGGATATTGAAAGA Sequensing
ABC1 Seq34 F* TCTGCTTTTAGATTTACTTG Sequensing
ABC1_Seq34 R2* CAGCTTTGACATCTCAGGAT Sequensing
ABC1_Seq35F CTTATGTACTCATGTGCAT Sequensing
ABCI1 _Seq35R AATAGTTGAATAGCAGTAA Sequensing
ABC1_Seq36 F* CTTCAACGCAGATAGATTA Sequensing
ABC1_Seq36 R* CCAGTAGCTCCATACAGAC Sequensing
ABCl1 _Seq36R TTAAAGGTTGGGTTTAGCA Sequensing
ABC1 Seq37F AAATTGTGCCTGACCAGAT Sequensing
ABC1 Seq37R TTAAAGGTTGGGTTTAGCT Sequensing

* 5T AT ARG & T 4BCI ZEEK) 5 NER S SNP KU -

* Primers used in the sequencing of the 5 non-synonymous SNPs in rice cultivars.
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Table A3 Sequences of primers for genotyping

EIE/ES S FE51 (5-3) g

ABCI1-CAPSF GGCTGAGAAACTCCAAAC Genotyping of abcl-1

ABCI-CAPSR GTGGCATTCATTAGCAAG Genotyping of abcl-1
" PFG_3A-01082 LP CCGAGCATGCAACTAGACAG Genotyping of abcl-2

PFG_3A-01083 RP AAACCAGGACGAACGATGTC Genotyping of abcl-2

pGA2715 LP ~ TCCACCATGTTGGGGATCCT Genotyping of abcl-2

R A4 RBHRHTR WS

Table A4 Sequences of primers for constructs

5| ¥ 4R B3 (5-3) &

ABC1_Exonl R (Xmal) CCCGGGCTTCTGCGCGGGCTTCTCCG Constructs

ABC1_Exon33 F CAGCGAGAAAGGTGCCAC Constructs
ABC1 Exon33 R (Bglll) CAAGATCTCCCTTCGCCGATTGTAC Constructs
ABC1_Linker F (Bpul0I) GGCGCGGAGGCTCAGGGCG Constructs
ABCI1 _Linker R (EcoRI) TAGAATTCTCGTCTTGTGGA Constructs
ABC1_Promoter F (Sacl) GAGCTCTGAATCCTGACACAACCT Constructs
SK-tag R (Sall) . AGGTCGACTCTAGAACTAGTGGATCCT ConstructS
& A5 qRT-PCR BT 5 M5
Table A5 Sequences of primers for gqRT-PCR

ElEZ B2 FF31 (5-3" FAi&
ABC1_gRTF ' " ATATCCGATGCGATTGAGAAT gRT-PCR
ABCl_qf{T R CTTTCCCACATAATCGTTGGC gRT-PCR
OsActin2_q£T F | TACAGTGTCTGGATAGGAGGGTC Internal standard

OsActin2 gqRT R ACCAACAATCCCAAACAGAGTAG Internal standard
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Table B1 The list of 5 non-synonymous SNPs of ABCI in all 40 selected rice cultivars

SRty

A AR

SNP f7 S 7E ABC1 Z[F 455 Fr51_EH) 61 E (bp)

2293

3877

3905

4088

4249

Jjaponica

indica

Azucena
Dongjin
Hwayoung
R66764-60-1-3
Lemont

BRI

FIL 06

FaK 212
RE17

=F 131

TESS
TEIS
KRR
H A HE
piX ik
5K 11
3037
9311
Baijiugu
IR36
IR64

BRG]

A

C)QQQC)C)>3>’J>D>D>D>I>I>D>D>D>D>>D>

>

e I - - - = N A A

@]

H = = =2 =23 B8 o a0 o0 o0 o0 o o o o o o o a a

A

O a0 aa o> > o»orop o op o> o> o> > P> >

Q

> o> > > P> o> Q Q0 Q Q 0 @ o @ a @ o @ a @
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L
99
25
X
% 46
K 63
ER 65
B 64
XURHE
af15
% [E]
HWER
PR &
EHEFLS
e 802
Bl 97
FEE

aus Kasalath

> O Q@ » Q Q Q@@ @ @ Q@ @ @ Q@ @ @@ @ Q@
> 9 A2 3 > 3 A 3 A =3 S8 S =3 S =5 =3 =3 =3
O H 25 23 A 3 A A3 =3 =3 3 3 =3 3 = 93 =303
> 0 a0 P> 0 0 0 o0 o0 o000 000000

Q > > o> Qo> o> > > > > P

* DAGRAS X B8 — M e+ 1.

* The first nucleotide of the translation codon is referred to as +1.
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