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1-18i WREH¥S

TR R AN LRI RO — 2T, BAEMOME N L - IESM, RR
FETTOEFRIE - &, (FETIORBEOERZ -6 oiclibns, K&
H LITARDOEATH D, £k, EMRORE - KEZHFHT 5 2 & THRe
T 5720, SMNBAEER &3 28 mARCRE A LT —R A S, MR AN 3
W E REND DRFAIN G E, WAEICEN TS, ROy ARLVE DK
DI Z DAYERECEERGE SN TV S (https://www.acis.famic.go.jp/) » Bl z1E. A —
F U U TFARMEAER . BB L OURB OB RIEER] YR IEAL BRI S LT,
TNV ATT R OB A, SERBIES B OATREA & LT, ERRICRED
BTHH S TWD,

77 ) A7 uA K (brassinosteroid; BR) (7R Y B Nafx i fbanizA7a A
REIDIEM R NE T, F—=F T R0V R LY v L RIS ERER LT S
A1 5 (Figure 1) (Huot et al., 2014) , BRIIMfafHE ., #MEE R, JEIEREIER., HEMERRE,
Z L TELZ G ORESCHAICB O TEERAEELF OO, Ak
FEEMR) - BRI A N LR DA+ 59 % (Manghwar et al., 2022) , Z 9\ >
ToF AN D BRIFFE RS AI L 0 R obrsEE ORL 2D 1980 725 2000 4K
ZT T TREOTERFMIAZ Bff L7 RV —27 LT LC, £ALEZEEL
o7 4=V RU—=T PR TNz, L LRPRS, 74—/ RU—7 TIXLEL

EREABFONT, By TRoRT =y FEEV ST —HOEZERNT, £< D



Ex CIERZICEETHHTITIEE > TR, (AL, 2007) , FE., 2022 FHILE,
TAEITIBW TS BR KO BR BEABITEDREREA & L TEERS TR
(https://www.jcpa.or.jp/; https://www.maff.go.jp/) .

INETOHTFRETFN., AFH, L TAHI T AR—2DMfF R %EE L T
EBRR Y 7 BRI & 5 T BRAEHBE T DMLY & 2 & T & 7 (Figure 2) o
BRIFFFEB EICH D 2 oDu A Y vF U E— b (leucine-rich repeat; LRR) T D%
AARHE ) —F : BRASSINOSTEROID INSENSITIVE 1 (BRI1) & BRIl-associated receptor
kinase 1 (BAK1) BEDEAIRIZ L - TR S5 (Li & Chory, 1997; Li et al., 2002; Nam
& Li, 2002; Wang et al., 2001) , BR U 7> ROFEARIC K > THIlREANTE L7 — kv 7
TRV Y L—% 5 LTI B S hL, &I R A0 72 glycogen
synthase kinase 3 (GSK3) £k 7—% + BRASSINOSTEROID-INSENSITIVE 2 (BIN2) ., }&
2 5o Kk < {7 bHLH #5 % [X + BRII-EMS-SUPPRESSOR 1 (BES1) &
BRASSINAZOLE-RESISTANT 1 (BZR1) 7 HARK I A EY = — /b (EEX= v ) IZs
Zbivd, BRENDZRWE X BIN2 ¥ —F(% BES1 & BZRI # U VE&(b9 % (Zhao
et al.,2002) , TOFER, U UL X 7= BES1 X° BZR1 (% 14-3-3 % L /37 B2 X B Hlfe
BIREEE, 7 mT T Y — MK D0, BT e T — 2 —~OREABUFEIR T 72 £ Ol
%2 Z TR E R & L COMEL R7-72< 725 (Gampala et al., 2007; He et al., 2002;
Ryu et al., 2010; Vert & Chory, 2006) ., —/ . BR+43I/FET 5 & &, BESI & BZRI
DGR X BIN2 ¥ F—EBOREL L, B bEn 2 IV ERAT 7 2 —F -
protein phosphatase 2A (PP2A) O & Tl U b S, 25 H T & L COMEE % [FIE
7% (Kim et al., 2009; Tang et al., 2011) , ZOFER, BESI & BZRI (FEAER O 7 1

E— 4% — 2% % BR responsive element (BRRE) X° E-box &\ 72 AL A MIE



BRAT D, £, BEEO = = F o T HERERTH L THTLOBEET
DRI A W3 5 (Lietal., 2018; Sun et al., 2010; Yu et al., 2011),

YRAXFTAXFDS ) A DNA EIZIX, BESI & BZRI OFRER T EIRT
(BESI/BZRI homolog 1-4 :BEHI-4) 78 4 D{FE L, ZNOINSRERBEF7 7 IV —%
Rk LT 5 (Figure 3), ZALE TIZ BESI « BZR1 BT 2SI L & T& =
3, KR 4 DO FRE v 7T 5 #4513 720 (Chen et al., 2019a; Chen et al., 2019b;
Wang et al., 2013,) , Yin et al. (2005) i% BEH1—4 % > /{7 )% BRARTEHIZHL Y “liRfb %
ZFBHZENS, 4RERST L BR VI VGREOBEM AR L TS, BR FRE
TO4RED 7 ORENIFHADEELETH LD, £z, BESI & BZRI ZMA T2 6 AFDT
2 G LTV D Z LD (Zhao et al., 2002; Figure 3) . 6 D OERE K130 E
BN TV D EHERISN D, ZE TOBR YT FIVRENEOEREZ F LD LD
ToOXH1272%, BESI & BZRI ZHub & L7k 798 %8 U C BR R OBEELA
O 5 LT, BR &R & EOMOMNT 7 F U mEREK L D7 v X h—27 )
WS ORI, LrL, 4 50 BEH AE R Z7PAYIZ BR ¥ 7 /UREICEE
T200, bLEITHLROLIIBRBIENTED L9 B A RI-T 7 £, ik
BEDI7a A N—7IZB5T 500 E Vo BBIIRMBROEETH DL, LEEN-T,
Ot BRLFHEICKT DB A X B ICED 5 72DI2iE, BEHIA4 D5 A7) - A8
FRREFES ITIE AR EEZ BILD,

bt &5 iR e EE 2. EE T BRAIEAMFORAMNEMGZ BIE 7200
—#& U, BESI/BZRI 7 7 X U —4 6 Bin T OR B2 FHMICMENT L7z, S 512 BEH2
IZE B L, FRER-OMEEEZ AT 5720, LIR—%—V AT A BRIR, BEH

BURZ EA B L Tt 2D 7o, A ERRCTIIZNETOMEZBE L TH LT



BEH w0 ZIZET 8- MmA 2 WmE+ 2, M. HERARIIRE S 2 2IZaHfsh
L7, LTFD 2 BIZHTTHET S, (B 2 %) [bHLH 5 R 2K 5T 2
BESI/BZRI 7 7 XV —BIa DA XFTAFICBIF 528 Ta 77 A ] L. (B3
w) [77v /7 AT7aA RV 7 FMMBEIZEBIT S 1A X XF BESI/BZR1 homolog 2

DENRE L BKRE] TH D,
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Figure 1. Chemical structure formulas of brassinolide and two BR related inhibitors

Brassinolide (BL) is the most bioactive BR. Brassinazole (Brz) is a specific BR biosynthesis
inhibitor which binds and suppresses an enzymatic activity of C-22 hydroxylase, DWF4. Bikinin
is a specific inhibitor of plant GSK3-like kinases such as BIN2, and thus can activate BR signal

transduction in the absence of BL.



|
[ |
= ==
Cytoplasm =
/ CDGt1 }
% 1. Cytoplasmic retention
BSUT, «—— BSU1
7‘, \ 587/
o X
BINZ™ BIN2 e ¥ s 2. Degradation
--------- it
ES1/BZR1 —)ll ES1/B®1 """""" > )
b .......................... \_/ES »
...... 26S proteasome
p— — — — — — — =‘..‘. — ......=. — — — — — —
. ES1/B?‘|?
hluclens 3. Reduced DNA-binding activity 4 KXJ
ES1/ y E-box BR responsive gene
X%

BRRE BR responsive gene

% <
I
HO, -
SE
HO" j S
C | B
ytoplasm = X
BKlQ < """"" %». DY et > BSK1@
N v @ CDG1
0"? ¢ BSU1
BSU1 +—
Degradation
BIN2™ l’ BIND  oeeeeeemeeenns > o
X <
BES1/BZR1 .~ ES1/BZR1 B 2
““““ , 1\ 268 proteasome
Nuclearvtranslocation PP2A
— —] — “,.-..=“ —l] =; —] —] —] — —] p——] —_— — —] —
o o 7 3
Nucleus & :
ES1/BZRA >
ME' R BR responsive gene :
l - Growth and development up
AAANNANANN
v - Stress resistance up
ES1/BZRA1
EBox__BR responsive gene U
W ‘ | Improved yields
[ J




Figure 2. Outline of BR signaling pathway in Arabidopsis

(A) When endogenous BR levels are declined, BRI1 KINASE INHIBITOR 1 (BKI1) interacts
with BRI receptor kinase and inhibits its activity. At the same time, by BIN2 kinase, both BES1
and BZR1 transcription factors are phosphorylated and inactivated through several reactions,
including cytoplasmic sequestration by 14-3-3 protein, 26S proteasome-mediated degradation,
and reduced binding activity to the target promoter. (B) When BRs are perceived by the
extracellular domain of BRI1, BRI1 and BRI1-associated receptor kinase 1 (BAK1) form a
heterodimer complex and transphosphorylate each other. The complex in turn phosphorylates
BRASSINOSTEROID-SIGNALING KINASE 1 (BSK1) and CONSTITUTIVE
DIFFERENTIAL GROWTH 1 (CDGI1) kinases that interact with and activated BRII
SUPPRESSOR 1 (BSU1) phosphatase. Activated BSU1 dephosphorylates BIN2, leading its
degradation by 26S proteasome. In addition, PP2A phosphatase promotes the dephosphorylation
of BES1 and BZR1. As a result, the two transcription factors BR-dependently regulate thousands
of their target genes through binding to either E-box or BRRE motifs in their promoters. Hence,
BES1 and BZR1 can lead a plethora of BR-mediated processes associated with plant growth and

development as well as stress resistance.
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Figure 3. The phylogenetic tree of BES1/BZR1 family proteins
The phylogenetic tree of BES1/BZR1 family proteins with branch length was constructed using
neighbor-joining method based on ClustalW (https://www.genome.jp/tools-bin/clustalw). The
letters in parentheses indicate UniProt ID. The black and red numbers indicate branch length

and the values of 1000 bootstrap replicates, respectively.



# 2% pHLHEEBERFLZRS{Ld % BESI/BZR]I 7 7 X V) —&LFDIuf XFXF

WCRBITDRHATw T 7 AV

2-181 H=S

FRD IS, BR VI FTIREFEEOF T —EB LR T 74 —BIZLD Y
Y L=l Ko TRIBICHf STV 2, Z#E T BES] & BZRI (3 BR##EE it T
B < SR AN T & L CHEB S, BBAMICHE SN C& 7= (Liet al, 2018) , —H.
BES1/BZR1 7€ 1 7 T % BEH1-4 OWIZEITRAT 2 HOZNELHARD LD DD,
WL ODHREIEH B, FlZIE, BRO X912 BEH AE 1 71E BR &GN U R
%2175 (Yin et al., 2005) , Iz C. BEHI LUk ® 3 7€ 1 7%, BESI « BZR1 & [A
BRICA N IT 7 v TP EOEOHIIA T Tédh 5 MORE AXILLARY
GROWTH 2 (MAX2) L#EAT 252 ENB BT/ 57 (Wangetal., 2013) , 2D Z &3,
BR £ AN ITT NURBOFTZR7 v A =20 DI EETR~ET 5, £To, XA RXD
BEH1 €1 7 Cd 5 GmBEHL [3ARKLIE I BALR 9~ % H55 [K 7 Nodule Number Control
1 ERATHI e, MRERICEAET 2 Z ERHESN TS (Yan et al., 2018) .
S B2, Furuya et al. (2021) X, beh3 ZZEILT UV OMEER Y A XRARHNTHDH Z &
726, BEH3 28 IR MEE RO AZHIE L, = OIBFEOZL E+s (stabilizer) & L CTH
BT D2 LaMELTND, LLaerns, ZAbOMEIZIH VT BEH A€ R 7T,
MCINTTER (EH) & LTHbh b ¥ 308 Bia 1) O/8N— b — (BT, I
£y L LTHbnD Z %<, BEHRER ZHEOHMIANIZE T 28BIZE R L4

AN



BR ¥ 7 F/MEGER BR AG R BER 1 O BRI IE R B L 20155,
FEIC R L LTHRB THH SN TEMEMEZ R Y T~ A D rinrei 5K, IR
PEZ RO A A 5 D uzu B RAR DTN B 1L L BR A G pE# SR B In - DWARF4
(DWF4) & BRZEK %R 5325 BRII TH D Z & MBERICH 52NN &7z (Chono et al.,
2003; Fukuta et al., 2004) , feilt, FZ=1EY % H 72 BR O RCAERBEFT Ot 5 £ <
72 EZ TV 5, Wangetal. (2019) 1% h~ b @ SIBRII\Z-DUNT, SIBRII DHHT LV cu3
O B RE O BARIZIE R 72 SIBRII & ) VB RAA NI AE U RER AR SIBRII
(T10504) % ZNENAFM L7z & 2 A, SIBRII (T10504) DJF73 BR > 7 F V%58, K
~ hONEEZHNSE L MG LT 5D, EiRomAIE, BR BEEE - 3MEWERED
EREAR T OBERIZ /20 5 52 & & LT, BR EAMFF OB BELEAR T O 20 F]
TN D Z LT 5,

%13 BRIFIBET O A A2 BI5 T 720D —4 & L. BESI/BZR] 7
7 XV —. R BEHI-4 DOFREBLZFEMICHNT LTz, AETIIFRONMERICESE

BEH & 1 7l &« DREREIZ W Cilgim T Do

10



228 MBI RUTTE

2-2-11H K

AL, BRE LARWRY BT 4 L AR (KR 22 H A LT, ARHFSE
THEA U727V E 1%, BR (brassinolide; BL) (Brassino Co. Ltd, Toyama, Japan) , 74
— 2V (indole-3-acetic acid; IAA) (Nacalai Tesque Inc., Kyoto, Japan) , ¥1 ~ A =2
(6-benzylaminopurine; BA) , XL U > (gibberellin A3; GA3) (Kyowa Hakko Kogyo Co. Ltd.,
Tokyo, Japan) . 7 7 I ¥ » [# (abscisic acid; ABA) . — F L ¥ (I-
aminocyclopropanecarboxylic acid; ACC) . ¥ A& i (jasmonic acid; JA) . U F/LEE
(salicylic acid; SA) TH 5, LM ARLET HHITIMZ T, BR & ABA OEARKILE
HITd 577 ) —)b (brassinazole; Brz) & 73X SG (abamine SG; ASG) ZfEH L
oo ERROFBNEVEEOHEARIT ACC U ETY XA F /LA LEF ¥ K (dimethyl
sulfoxide; DMSO) 12 f# L, DMSO DFEIREEDS 0.1%LL TiZ72 % K 912 1/2 MS B HIIZ IR

M7=, —7. ACC IZ Milli-Q /KIZIAfE L 7=,

22218 fiE & AEB SN

FEBRZIT > v A X)X F (Arabidopsis thaliana) O FFER] Columbia (Col-0) 4= HE
AL ZMEBZH E UCIER L7z BEH4::GUS WAz -, T OkE & [EIF
B i~ DOFEFE O FNEI T FEAAIZ Tanaka et al. (2003) D HFEICHEL 7=, B L. FEOHEE

WCHWDIRHEEIRZERE T Y U LA DOEEZ 5% 5 2.5%IC, £7-. 12 MS E#io 7

11



HEDEE % 0.5%5 032%ICEF L=, YA X X+ O H L 22°COMEIEE RS
THEEABBLIEZA2 0 AR E LT AT, £/-. ZEHA2E LI~ EWEEE TRy b
BT 556, HER6Sm b LIL 7S em DT 7 AF v 7Ry MOl Lo —I %

24 b BICHE 2 EPEE X, 24°C, 16L:8D OIS T THEE L7,

2-2-3MH T A NHEEE LM O T E itk

7T A FHERICHWE=AY 2 X7 LAF K (PCR 77 A ~—) OAECHIIX Table
1WZRL7c, BEH4 7 a®—H—L B/ Vs v =4 —=F (B-glucuronidase; GUS) 11 i1
+ & DB GBS T (BEH4::GUS) DIEFUILL T D X 51247 o7, AFERTIT, Eix
THEBIZIEER 250 Y s AR LV BiliA) 1.3kb % BEH4 70 & — 4% —
& L7, #WIHIZ, KODDNA R U £ Z—F (Toyobo Co. Ltd., Osaka, Japan) % i\ 7= PCR
Ty A RXFTRAXF DY ) A DNA D BEHY 7t —4—WihZHiE L7z, fohi-
PCR Wrh % pUCI18 7'7 A X R SmalGIBriiirIZifiA L7, HIERLAI 2 figie L C
Ja—=2 T EINTEEYNNT —F R—= RSN EY &8T5 2 L EMER LT,
D%, T T7A~—NIZEKE L7z Xbal & BamHIE. T/ v—=2 2 &= BEH4 7'
T—X—ESZEY ML, HIREESE Xball BamHITEEIKIC Lo NS F Y —~T X
— « pBI10I-Hm 77 A 2 K (Yoshimitsu et al., 2011) &FEE L7z, 25 OUIWEAL I
GUS &R 1O STRTHIZNLET 5D C, BEH4 7' mE—4 — & GUS HEER 1D
REMMABE TN TE5, it T, =L 7 hrAR—L—Ta ko d b o7 T %
2 N&T7 7 a2y T U v L (Agrobacterium tumefaciens EHA105 £F) (S8 A L7, Eiio
TITAI REROT 7oy TV Lk 7a—7)VT 4 v 7 (Narusaka et al., 2010) (2

3 L. BEH4::GUS sl s 1 A XF X ) (Col-0 Ny 7 7T 7 R) 2454,

12



2-2-4 15 K| DAL

WilE 5 PCR (RT-PCR) T 12 k39~ 2 A4 O SEAIALER 1T, Tanaka et al. (2005) O
FIEIZHE L TYT o 72, GUS Geta i3~ 20 O FEHILE L, kD K 51247572,
BEH4::GUS T EHaff{k % 1/2 MS [EJEEF I FEFE L, H5ETC 3 B EMKIBLEE 21T - 7=,
BT, IR Z ABA (1 uM) . b L < I1E ASG (50 uM) % & telE JER i~k L. BAFT

24°CO RN T T—EBIFBEE & ISR GUS et fitil L7,

2-2-5IH RNA HiHH

YA XFAFFEEDG OA RNA filitHEL, FEARYIZ Tanaka et al. (2005) O F)H

IZHEL TYTo 72, I L7Z RNA T, 1.6%7 Ha—AZ L CikEl L, Bfb=F o7 AT

5

Yot L CFDOMWE R LT, FORS, 18S & 25S U AR YV —L RNA OE|E L S fRFLE
VB MER DT O DOFEE L L=, EBRAMICL D Z 7 L DNA OIRIENSFIEIZ 2 BT

I% DNase I {2 & 5 4LEE % Jifi L 7= (Nippon Gene Co. Ltd., Tokyo, Japan) ,

2-2-6 TH iR PCR (RT-PCR)

mRNA EDMFHTIX, E&M RT-PCR & (qQRT-PCR ik, U 7 /L4 A A PCR) £7=
I3 & RT-PCR % (semi qRT-PCR ) & IV CiT- 7=,

4 RNA Z 88 L L7 cDNA OAA%IZIE ReverTra Ace & > |~ (Toyobo Co. Ltd.,

13



Osaka, Japan) Z /=, U 7 /L% A I PCR O Z1E Green Master Mix (Power SYBR;
Thermo Fisher Scientific Inc., NY, USA) %, SGEEY DfFEHTIZ X real-time PCR system (ABI
7300; Applied Biosystems, Foster City, CA, USA) % fl\ 7=, —77, semi qRT-PCR |% Tanaka
et al. (2005) D HIEIZ N> THT o T2, KT CPCR 774 ~— L L TR L7724 Y X

7 VAT ROEIES| L 7 =— U v Z IR Table 1 125178 LT,

2-2-7IH  LR— X —fikT

HEARAL 2209 GUS BEHTIZEAHIIC Yoshimitsu et al. (2011) D HFIEICHE> TIT - 7=,
GUS {HEDYeafg137 2 % L1 A5 (Power Shot S5 1S; Canon Inc.) THS L7, i, 14
A LA OREIR 2 Y ta3 2 B5I2IE, BLF D@ Y GUS YOG DRIC T & b i %
{772 (Brumos et al., 2018) , £7, HEMEE 90% 7 & b2 5 7MIRIEL., Fl T,
WRE K (ROW; reverse osmosis membrane water) C 3 [RIPEH3 25 = & CRIAHEIALL %
PRz, EORZRITEFIEY GUS et AT o7, 78 b a2 AW CRTLEE O B
FE 5-bromo-4—chloro-3—indolyl-p—D-glucuronide (X-Gluc) DiziE Z [Hie 7 F 7 T J&

ERMOERS Z&IHDHEEZALNTND

14



2381 R

2-3-1T8 BESI/BZR1 7 7 X V) —i&{n 1 DRFZERIH BB X Z —

KI¥\Z BESI/BZR1 7 7 X U —6 BAG T DB KRBT 2 BELAZ T~ D

e, AFE 14 HBOY v A XFXFIZHHKT H RNA % qRT-PCR 23K L 7=, Figure
AR LTZE DT, 6 BIaTORBEITERNY (£F 1. 2#B) TIIFBREEL L)
ST, EOBRMEIf E->THM ULz, A£F 3. 4 BAIZARLSE, 1A LHEKLT
BEHI OFEHEIT 4T LM LT, —F5, o 58113 &€ 2 FREITHEM L,
semi qRT-PCR % T, £F 2 M H OFEEICBIT 2 REEZ 6 BE M TRENIC
g L7z & 2 A, il SEE T O PCRIEMIZ 244 7 VHICIT-E Y LHERTET—F
C. BEHI @ PCR EEMINPWIREICHEGE CEX72DIX 26 1A VVH ThHolz, TOZ LD
AF 2 B OFEAEIZIBWT BEHI OFEBLEIM 5 BIsTFD 12000 VARRETH D &
B Z bivle (Figure 5) , LEDOREREZFE DD L, ZOFER%ZE U, OBESI/BZR] 7
7 2 U — A 23— mRNA TR TINS5 2 &, @EFRICH\ T BEHI
DFBLEIIM O 5B ARD RN & @FEBHRMIC/2 5 & BEHI DRBINAKE <
FERT D720, FERMIZ 6 BIETORBEREITIZIFEBEIL LD Z EnghoT,

RIZ. BESI/BZRI 7 7 XV — OB FRIUCK T LEERRIEZH ST
Hlcw, M, vy ME AR JEE, 1B, #2 bhliH L7Z RNA 2 T gRT-PCR
#1772, Figure 6 TR LT2 & 91T, 6 B FITH 72 TOEE THELL TW2dy,
FHANL —THEVICRE S B> Tz, LL, —HEEFH TR L7 R8E

RE—=H RN, 6 BEFIIENT = NZHESNT 2007 N—F I ETE T,

15



1 DHDOZ NV—"7" (BESI - BEHI *BEH3) X, ?hEZ ORI ENKE S AR L0
Bz > Tz, RIS 2 DH O )V —7 (BZRI - BEH2 - BEH4) (X, #E L D
HHBOENERN Dotz | DHOIZ N—T%FHICR 5 ., BEHI 1Zn¥ v b
¥, BEH3 IR TE L BHLL Tz, ZdZ L% BEHI, BEH3 ¥ L 37 BERZEnEhn
oYy hHELRCHEET S REM AR LT\ 5, X . BESI & BEHI O3B
AWZESBETWe, Zhbide By METRS KSRBBEL, XAELIXTTRE
IZFBLL, B, L, TS EVRIL QO Rdofe, ZORPIL. BE L~V TH
% & BESI & BEHI 2MFHAAYIC, & L <IZWaifIcRE T 2 mRett 2R LT\ %, xR
NS, 2R D7 N =LA 2T OHRE TR L CRIBERI L TWea, B
(2 BEH2 D¥EIZIT 2R BLEIT DI oTz, LinL. BEH2 O & AETORBLEITITH
ARREEEITR OGN0 5T, BZRI £ BEH4 II3RE Z & ORBLEICK X 22T e
ST, HAWZ L2, Zhb 2 BInFIEho 4 BIn PSS TR & v o 7o AR

ETHERT L LWV OREN AL,

2-3-2IH BESI/BZRI 7 7 X VU —BIn T Dk & 72 RV AATKHT B IEME

R /$A4—% ¥ (Yoshimitsu et al., 2011) °X 1L U > (Bai et al,, 2012) , =5
L (Lvetal, 2018) . 77+ ¥ B (Gui et al., 2016) . A U 25~ k> (Wang et al.,
2013) LW o laffkx AT LB RA N—=IFTHZ ERHRESNTND, £ T,
BESI/BZR] 7 7 I ) —BEFOREBGIHEZ N LIeALVE 70X =0 OFEZH 5
PN D 72®IZ, BESI/BZRI 7 7 X U —BA DI BLUIT 2 BL 25T 8 FlEM AL

FU OB LTz, Figure 7 \RT X912, BLUSAD T HODHRNLEANTED 68
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BT ORBA~OEBII LT ERE L 20vo 72, ABAILBESI. BEHI. BEH4, GA3 %
BEHI D3z DT NS, I L LT 25 Eone b7z b3 2
ElFTenodz, xHFRAOIZ, BLIE BEHI & BEH2 DF&HL % B /) S, BESI OB
ZHOTNIHIINE 72, BEH2 mRNA fI% BL % 5% 4 R BIZITRHRIX O 1/5 FREE F
T L. mRNA EOKHEET 24 A & FRREICIR/ZA Tz, —J7 BL 1% BEHI
mRNA &% 12 F2E £ TR S H 7z,

BL 7% BEHI & BEH2? O¥H AWM+ 5 Z ERHBMNIR-720T, T bHE
BT ORBUCKIT D BR OFELE LV EEMICHA NI T 570, BL KT BR AARKBA
EH » Brz OB RN L2, M. ZORBRTIX BLICxHT 2 E % LiF 57
O, AE 2B B OFEAIZ Brz & 2 AFATLEE L, N4 BR &4 0 I2Bd S ¢4
BL {LEE %47 7=, Figure 8A (7~ L7= K 912 BEHI & BEH2 OFRBLEITE L L7,
BEH2 mRNA |3 BL ALEE 0.5 R BICIFIE 12 R Tl L, 4FETE £ TI2 1/10 £
TELE, IHICZOFRBIEIT 24 FF# B £ R S 7z, [AIERIZ, BEHI mRNA |33
5% 2 BT 12 £TRA L, ZOREBIEIT 24 B H £ TIRIEE L Lish o7z, Fit
T, Bz REMTING 2 B FORBUHET 5008 5 0i~72, BEH2 mRNA &
Brz |2 X o COER IR RICHIIN L=, UL L7eA S, BEHI mRNA &I K < &1k
T 5 Z LiX7ir o7z (Figure 8B) . Z OfGHRIL, BEHI &tk LT BEH? &in 1 I3WNE
BR BEOZEBZ L THBICHBE SN TND Z EE2RLTND, ZHE TOIELD,
BES1 X° BZR1 (7 vt —X— EiZHDH L AL A | BRRE (CGTGT/CG) <° E-box
(CANNTQG) IZfE& L, EAER T OIRE A2 H#H LT\ D Z & A35h> T b (Sunetal,
2010; Yu et al., 2011) , & Z T, BEHI X° BEH2 #&5¥? 5' i fEIRIC BRRE < E-box 7%

FAET D E 9 Ddl~7-, Table2 |2k L= X 512, BEHI & BEH2 1T b L A2 |k
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Z 84 /T iz, BRRE & E-box O—Ff T 5 G-box (CACGTG) 1% BEHI (BRRE;2 |
G-box;2) & ¥ % BEH2 (BRRE;7. G-box;5) 122 < fE/EL TV V=, i, G-box ba =4
E-box (/2 BIn ¥ TIXIFHE LvoTz, ZONTND BRIZK D BEHI & BEH2 FEELD
THHIENEBESI ®°BZRI #r L TWDH LEZX b, o, Y AT LAY FOFER

B, BEOEWDY BRICE DR Dl A2 ELS L& 2 b,

2-3-3I8  BEH4 851 : fHfk - kK% D R B

qRT-PCR % FHV 7= il B P Rr S (Figure 4) . 25B 45 BN (Figure 6) . M OV L

T VISEME (Figure 7) (B85 2 S BUENTIZ, BESI/BZRI 7 7 XV —6 351 5 & BEH4
DRENZEXHATHY, —EZ2@B U CHEBMNEFNTHL 2R L, 202
&%, BEH4 3% < DM LB L S5 HARNRARBICEHDL ., T2bb AT X% —
VU UBIETE LTHERET A LA MR S ¥ 5, £ 2 C, BEH4:GUS WHEERH A% H
W C BEH4 OFBL 2 RBRAL PRI LTz, EOfSHR., AFr (EF 1. 20H) 25
B%H (EE 3 L) £ CREBRRADIZIER TORE D GUSIHMEIC XY HEl

Yett S5 Z E BT/ o 7= (Figure 9A, 9B) , GUS #EMEICEES < Yeta g1, qRT-
PCR O & FJ&72 < (Figure 4, 6) . BEH4 DFEBNEEICL ST X X2 2 ThHh
HZEHERLTND, LALRRG, k- Ml AHE TR S &R - Z2RHKIFR 7258
Wb I, B, B (Figure 9A; a, ¢) °{EHT: (Figure 9B; g) . ERAA (Figure 9B;
) IZFEZFEENOMOEALL Y b A INTWe, £, BFEEROFELITE T2
< Yt K7y o 1= (Figure 9C) 25, £ 6 il B ICIXEA SR TH TN GUS @i

Roi, AR ORE & 2 GUS Y3 < 72> T o 72 (EF 1248 FEffH) , =
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DEF, FRICEROBIRET T GUS OFRWGLER R Gz, LLan b, AF 12 I
il B O UTRAETR 48 R H ORE TIX GUS el A bivie < 72 57, BEH4 D%
BUZFUF 24k - MIAR/KHED R RME T BEDO R PR C L BIZ S 7z, Figure 9D IZ/R L
TmE oI, O (TR, ntBy ME XA OREEM EF14HB) IBEDL
T, LA T GUS {EPEIC K ARV R b, S BICFLMIZ B L T D
BoaMi I S D2y, b LSO LML & 8 L TV WBCR T E & 7
VMEIANC & o 72, INA THEETIR, FLBMia & 1ZBEEE L T WA /N S 2R 23
LIFLIEE RSz, 2o E L < KALORAERE, T70bbILdfMiao
Srbid BICH DM CTh D EHELR S NS, 2D L EFEHT BITIEE e DR
EChDH, U EDOEREELHD L, BEH4 D3BUL, #E/KMETRD LM OAES
WL TEXRHRATHDOITK LT, Mk - MK TR - Z2M0 R x2f

ToHEEZLN,

2-3-4TH FHWEEIZEBIT D BEH4 3BTk 5 ABA D%

WIESLZOHRDORAEDOKEIZX LT, BR &7 7V BRI NICE< &
WA % 5 (Saini et al., 2015) . AR O@Y . BEH4 DFRBUL, HHEHE . FEEOREICHE
o> THIM L 7= (Figure 9C), & 2 C, BEH4Bin 7 0t —4 — LICBEHOT 72 VUi
JISEICEGT VAT LA R LA LT E T A, ABA responsive elements
(ABRE) K= L 2 k7% 2 -2, RAVI-A binding site motifs (RAVI-A) 7% 6 D H-270-> 7
(Figure 10A, Table 3) . 7z, AFH 2 A H ORI Z V72 gqRT-PCR fiR#HTIZ, 4 KD

ABA WLEEH BEH4 O3B 5RO 1.7 fFI28ms¥ 5 Z L 27~ L= (Figure 7) . P b
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DFERD G, BEH4 IX mRNA L)L TT 7P UBRIC LY EHHIEEZSZ T TR0, %
FEEDOFELETRAULDOBE 2RO L OIFERN AL Tle, 22T, ERRoEER
WA IRRES 2 72 BEHA4::GUS MR D F2 4% VT ABA EDOZE)AY BEH4 DFEEL &
RS 2 5B AT ~T-, Figure 10BIZ/RT X HIZ, 1uM D ABA 85 Lz & &

FAOMERITE L BN, ABAULFLL7AF S HHOFEAITAEE 1 B HORERXO
FA L REMICEL T\ e, — 5. BEH4::GUS B & i T\ k9 5 GUS DY a X,

ABA OEHIZ X 2R 72 B AE X B D243, GUS OFRBINLCTRE D IT 220 »
7o. FFE. ABAWHEL 1-5 0 B OFEADOYEMIT, ABA FFE T T 1224 BFfIAEF S8
b D& I EITWE (Figure 9C, 10B) . %FHERYIZ ABA DFFEAFAEAITH 5 ASG (50
uM) [ ZEADORERIZ S GUS Ytz & 2% 5.2 727> 7= (Figure 10B) , ZIHD 2
D, EENDHERNIAATH 505, ABA PIFELRDELIZI T D BEH4 O

FH RIS T LEZ 2 b,
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2-4% BR

BESI & BZR1 /% BR ¥ 7 T VEREHICA A R R GR FTh 2 LI, £fix7p
WNAES 7 F AR E BRY 7T AD 7 8 2 h—7 28\ CEEREE ZH - T
% (Manghwar et al., 2022) , L2 L722 5, TR HOKRER 7 4 /37 E (BEHI-4) (2B
T LHMF5EIE. BES1 X° BZR1 OWFEL D HILDMZENTND, 4 RERT X NI H
IZBLICE > THLY Vb D Z &350 > T A (Yinet al., 2005) . BR > 7 /b
GERKETEL ), £ THHRLIE, POL ) REEEAFOMIFHOEE TH 5,
I T, EFT A RE ZIZET DA A5 5729\ BESI/BZR] 7 7 XV —i&
BFOREBZL, R 4 RER 7BEFICEREZ Y THIF L, 22 TS ohRE
T 7y A NMIIESNT, 4ODFRET ZRFOEFEEEIC OV TR 5,

6 20 BESI/BZR] 7 7 X V) —#I& 1% 1-4 BEOMEMETHIZHELL T\
(Figure4), F£7-. 6 E{xF D mRNA &IZAEBRH(ES 1. 28 A) &k L TAEFHY
(EF 3. 4H) THAML T\, EENDHRE L2 EBREM CIIesm B & A5k
FEW~OEHITAFT 2HAB & 3HBORICEZ 5 & AFED 7D T (Figure 9) |, 6 &
(RFIERBEREINCMZ . R OB AR I & 0 EE R E 2 Fo L
Bz b,

BESI/BZRI 7 7 XV —6 #infI&, —#HHET M0 b AT b, £h
TN DR E R RNIEBL A R Lz (Figure 6) . = O T, BEHI OFBLUTTEBIZMET
%o 272 BT BEHI I ORIV E L < BN L 72 (Figure 4) IZH D LT,
MERH & WV o T AT B IC BRI OB E TIISA ERBLL TR T2 B TH D,

Z DO Z LI BEHI DEFEREMICEE 2B 25000, AiHiE U DOIRE (Flx
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X, B L) THET 5 Z L 2R T 5, HRIVIZ, BZRI & BEH4 |Iftho
AL N— L LT X 0B TREL L T 7= (Figure 6) o & BT BEHA DFFITAEIC
B THET WV EHET VO 5 TR B 472 (Figure 9B) , Jiang et al. (2013) (% BZR1 23l 1
DHBCRIREL, MTHAET D2V OO BETFZHETL 2 LamELTVD, IX
Bl behd DKB % Fde BESI/BZRI 7 7 XV —B{n 1D 4 HARMKL, EOZEA R
MIEFEREFZERTERNI L o, TORKRO—DIFHORERFT THLZ &
DN 4072 (Chen et al, 2019a) . FEFDEI-FERIL. 2100 OUERTOMHE & BT &
9. BEH4 & BZR1 & AIBRICHEFEZRICEINT 2 2 & 2R LT D D0nh LRy,
UbZzFLdsE, BESI/BZRI 77 2 U —D 6 ¥ 2] 7 B 13HEEDORERINE (Zhao et al
2002) =AY 72 JUEME (Chen et al., 2019a; Saito et al., 2018) 2> SHEHI S5 X HITH W
(ZFERIR 72 0 THERE A FF D 2 L ITIN A2, # B KRESH A BN BN L E 2 5 Z
& T BB FICEA DA LR LA DY TN D Z LA HERl S L7z,
R (3kE &4 722 U TR LT L 70 A h—2 952 EDNAbN
TV % (Bai et al., 2012; Gui et al., 2016; Lv et al., 2018, Wang et al., 2013; Yoshimitsu et al.,
2011) o ZAUTBIZIE, BR DEGHL - NEL « L Vo T REHREZE U T, £z,
BR V7R B U CER SIS, Lo LR b, AL CTIT - 72 qRT-PCR fiF
HrCix, BR LISNOWE AR NE N LD BESI/BZRI 7 7 2V —6 Bin T ORBUIKHT 5
SO IMEMERR T E 22l o T2 (Figure 7) o IREECILBER A 5D, KV AR &M 2 1
AT DB B H 03, BESI/BZRI 7 7 X U — %4 L7z mRNA KHETOR/LE |7 1
A b =7 OFEEMHITEV O LtV BR V7 T /UREREKIZ IV T BES] & BZRI
X (D) U mb - B b, () B—MleERE, Q) YrT T Y —s%x L

. = LT (4) DNA FEAREDFEN L\ o 7o & L X K MEDHIE 22T 5 2 & DV
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B I N TV D (Gampala et al., 2007; He et al., 2002; Ryu et al., 2010; Vert & Chory, 2006; Zhao
et al.,2002,) , DI LMMBEHET S &, BESI/BZRlI 77 3 U—A L "—%AL7= BR
EEXEDMANEL LD BARN—TTEIZH U NRIE L TRI TS ENnS &
EHBERZDBIND,

BR (2 X % BEHI + BEH? ii#{s1-00 mRNA /K¥EDOFEBHIEIXEB T 5
(Figure 7) , iR X 51z, BLIZL DMLY »2{kid BEH14 ¢ BR ¥ 7 /VRERRKIC
Bl 54252 & 2B S5 (Yin et al, 2005) , EFH 2357 [BL 28 BEHI & BEH2 O
mRNA B2V IS¢ 5] EWVIFERIE. G2/ T2 BR V7T NREICED S &0
IEZ I LICHD T, F7-. BEHI ® mRNA 78 BL OARIZEE LT L, Brz 12
B Lo T=dIiZxt LT, BEH2 ® mRNA 23 BL & Brz O FIZISE L, 2,
BN L 7= 2 & 1T BRTZE (Figure 7, 8) . O Z LIE BRSNS 2 BIG T DOFRE 2 R/
HEERTHIBEI LTV D Z L &Z/R LT 5, Tanaka et al. (2005) 134 EIOFEF & L < Bl
fERAHE L TWD, 513450 BRE SR E S RGBS T (DWF4, CPD, BR6ox1,
ROT3) DHEBLA BL & Brz Ol 512 L o THIIH S D D3t LT, A7 m—/VAERRKE
{5 (DWF7) & BR RIEALIZBEFR L7285 1 (BAST) 1Z BLIZ L » TOAGIE D &
HLTWD, BR GRFFR 4 DOREERIET1E BR AEABGROHOLISEH S DT,
IO OB TORBUTEY & ARMEICHE R HIE L TBREZEIE(L L, £OHE
AR T 272D L0 BB ICHIE STV O0ns L2y, BIRO#EY | BEHI
IX DWF7 %> BASI & [AIERIZ BL OAITIRE LT=DIZkE LT, BEH2 IX BR AR 72 4
AR T L RIARIC BL & Brz Ol FIIGE LTz, 2@ BRIZ K 2 FBUHI#H 0E M T, BEHI

L U C, BEH2 MEMIZ & > THERFZE ZFSOZ L EZRLTWNHO0E LRV,
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Tl BEHI & BEH2 ODHRBUTED X HIZLTBRIZE > TAIZHIE SN TN D
DTHAH DM HERTOAFFEIL BRRE (CGTGC/TG) 73 BRZ X B4l &% ) 5 & a1 D7
1 E—4%— k2, E-box (CANNTG) 3 BRIZ K » TRt s b Bz o7 eE—4%— 1
ICELSRIFEENTND Z L &R LTS (Sunetal, 2010; Yu et al,, 2011), Zh b AT
L' A MEBESL & BZR1I OWFIZ K- TRk S41 5, Sun et al. (2010) IE S 512 E-box
DO—FETH 5 G-box (CACGTG) b £ 7= BRIHEE - LIC K RIFESNTWD Ltk L
TWb, EHEMRFLIZEZ A, BEHIX° BEH2 D7 0 —4— EIZIIZh by AT L
AV NS L AFET D ENHL I/ o7 (Table 2) ., 512, BRRE & G-box T
LAY ME BEHI £V % BEH2 BIZ X< fRfFSH TV, Aikd X 9512, BEH2 O
mRNA £i% BEHI L LT BLICK>» TEVHFERLS, T LTIV RELI B LE
(Figure 8) , BRIZK[T 2 M@ fn DI EDEVMNTIE, EFLDOT A « =L A 2 h OFER
BOBENDREEL TWDONE LiLZely, Nosaki et al. (2018) IL&IT, in vitro D EERIZ
BT, FEMA 72 bHLH UL 5K 1 Cd % BESI <° BZR1 IX NN-BRRE (NNCGTG) &
G-box D FIZHEATE HDITHK LT, PIF4 X° BEEL, BIMI 72 & O #iRIfy 72 bHLH 5l
BRG] 13 G-box (ICHEEEMICAE AT 2 L HME L TWD, ZOMEIIBLIZL D BEHI &
BEH2 OFBUNHIN &6 605G BESI R° BZRI NI b DT L A G T 5 2
ETEIDEWVWIBZEZLFFT 20, ZORIBEOFEMITE R0 L7y, WT
Az X, BRIZXE % BEHI, BEH2 &5 1 DRBIGIEI D531 A I = X LERAT 579
XS ORDMRNMETH D,

BESI/BZR1 7 7 X U —DOH Th bIEFHICHIBL L T2 BEH4 & F 72 BRZE
V™ (Figure 4-7) , Z OFBAEN) S BEH4 13X L 0 B RBERE, T72b by Ax—F

YIRROBREER O LHEN SN, ThODRRIZIMA T, REEBEICELLT

24



BEH4::GUS WE =R D 2R3 GUS {EMEIZ L 0 5] < Yef X7z (Figure 9A, 9B) = & b,
BEH4 BN AX—E U TEROBREEZFFOL WI B 2 XFFT 5, LinLians,
- MR L~ TCREMNCBIZR 5 & BEH4 ORBUNL HOORERIENRS 5 2 & 23
BT 5T, EORMIIZIB W TIAEFTERICED 57 BEH4 ORI
& DD DA IR STV iz (Figure 9D) , AT, AF 1 B HOFEDE
BeClE, FLBAIIE BN TEET S/ S RMil b B I TWe, 29 WVole/hE
PRI A U AT A RREII, A U AT A R#M, stomatal lineage ground cells, FL
DR 72 & OKILR AL T 2 I HEMEN B 2 5115 (Lee & Bergmann, 2019) .

BEH4 DFHLO H B HEOKFL AR 35 2 FBUR LRI BBREE Y, 772 B 1%,
BR /% BIN2 ¥ —EBORELAEI L TRILOREZ T2 Z ERHESI L TWDH D
5 Td D (Kimetal.,2012), BIN2 /X BR ¥ 7 F/VREOEOHIFEIA T & LTEH Z &1
Mz, KA EDOHIMEK - & U THET 5, EHIZ, Lauet al. (2014) [TA U AT
TA REAHIMNLERB 2 R ERK v A XFAFIZENT, [ALERERO T
i CHERE S DEREIA ¥ « SPCHLESS (SPCH) 78 BEH4 D7 & —X4 — EICHEiA L, RBE
EHWINSHED EHE LTS, 202 &% BEH4 BNRAEAIZE G2 2 L2 <oR
W%, AT, A LZFLOMIIC I\ C BEHA BB L T D 2 & b BLBRE,

2ERBIE, BRIST 7YY Ui E DBITBAKI VG5 2L T 7o Uy iz b
KALOPASHIZ KT U CTHEFIRICBI K 2 L B E SN T4 H TH S (Shang et al., 2016) .
ER PN 31T D R S e BB &, 3813 BEH4 3L A ALBH P X L
TRALDOEE 2RO LT 5723, BEHAOEOHREIIRHOEETH D, EBED
& A, HERERIBID behd 28 BARICH1T 2 KA & BeA M oRux, BTARREYIAR L bt

B L GEWVIR LN -T2 CREET—%), ZHUWCBEL T 7 7 2V —EES
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TULORMEEZBR L, BRERBIAESLELERR LGOIk~ 72 BEH4 DERIK B
BRI H R DN MEEL D, L L6, BURIZEB W T, BERK
TR 238 B 27”9 BEH4 1 3KALERRXALBIA DBIZE TR X 5~ — U —Bin - &
LCOEHEEHT D, BRI TORMIRIEBUTNN A T, BEH4 OIEBLIFLF-IEFRFR
Tk EEOHSLORIZEIMIZZAL LT (Figure 9C) , ZOFFH, 77 vV ERIT
IZRFLREZIHEI L, LY R BRIIFHFSEEDORE (L) #etE+ 5 2
EMNHBILTUVW D (Shu et al., 2016) , Tld, FFEHHNTIB T A BEH4 DFEI % 1
LTCWDHDEA D D, REMEW (14 Hiin) OMPIATIX, ERE32DOFRLEL DI H
ABA 7 BEH4 DRBLZ M S =D LT, BR & GAIXIEE A LEEE H 2
727 (Figure 7) . £7-. BEH2 D7 0 ®—X — BT 7V P U RICBEET 5 v A
T LAV M%< Bohyo Tz (Figure 10A) , & ZC, FI#I5E4E% VT BEH2 38BLIZ
%45 ABA KON ABA AR FLEA] ASG DB Z FHATZM, 155 U725 RT3 L
WH O E 7o 7z (Figure 10B), 37205, ABAIX BEH4 DRBLO XA I T HELET-
D, BHESCRHEIOACEEST D Z L idhholz, LEN-T, ZORMICKT 5%

AU REROWFE 2RI 20E 72 B 720,
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2-5% MFE

Table 1. Sequence of PCR-primers and their annealing temperatures used for this study

Name Locus Sequence AT? Experiment
5'- CCGCTCTTTCTTTCCAAGC -3’

ACT2 At3g18780 55
5'- CCGGTACCATTGTCACACAC -3’
5'- GAGCCCAAGTTTTTGAAGA -3’

EFlaA4 At5g60390 55

5'- CTAACAGCGAAACGTCCCA -3’
5'- ACCCGTTTTATGCGGTGTCT -3'

BES1 At1g19350 57
5'- AGCCGGAGCATGGAACTG -3'
5'- AACAGCCATTCTCTGCCTCTATG -3’

BZR1 At1g75080 60
5'- TGAGGCGCAGGTTTCACA -3’

qRT-PCR

5'- CCTCCGTCGCCGACATT -3’

BEHI At3g50750 57
5'- CGGCTTCACCGACACATCTA -3’
5'- CGATAACAACGAGGTTCTTAAAGCT -3’

BEH?2 At4g36780 57
5'- TGGTGCCATCGTCTTCGA -3’
5'- TCCAAGCTTCCCTTCTTCCA -3’

BEH3 At4g18890 60
5'- GGGCTTCGAGCCAATGG -3'
5'- CGGAGAGCAATCGCAGCTA -3’

BEH4 At1g78700 57
5'- AATGCTTCGGAAGCTCGTAATT -3’
5'- TGCGGCGAAGATTTATACTGG -3’

BES1 At1g19350 55
5'- TCCAATCCTTCCTTCCGACA -3'
5'- TTTCGAGGGGTTGGTTGTTGGTTTT -3’

BZR1 At1g75080 60
5'- ATGCCATTTGGGTTTGCCTAGTTGT -3’
5'- TGCCTCTCTTTTCTCCTCGTG -3’

BEHI At3g50750 56
5'- TTAAACCACGATATTAACCTAGCCG -3’

semi qRT-PCR

5'- CTTCAGACTCACACACACACCC -3'

BEH?2 At4g36780 55
5'- TCCCATTCATTCCGGACATTC -3’
5'- CGTGTTATTTTTCCAAATTCCGGTG -3’

BEH3 At4g18890 54
5'- AGCAAACGACTTTGATTCTTCTCTG -3’
5'- TGAATTAGCTTGAGTTTAGCTTCG -3’

BEH4 At1g78700 54
5'- AGCTGTGTTTTAACTTTGAGCA -3'
5'- CCTCTAGACGACTAGGATATATAGCAACCCGC -3'

BEH4 promoter - Construction of BEH4::GUS

5'- CCGGATCCACTACTCTCTGTTTCTTCTTCC -3'

» Annealing temperature (°C)
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Table 2. BRRE, E-box and G-box elements for BR response found in BEHI and BEH2 promoter

location from TSS?

gene element (start) (end) sequence (5'-3")
E-box L1 -1528 -1523 CAGATG
E-box L2 -800 -795 CATCTG
E-box L3 =738 -733 CAAATG
E-box L4 -604 -599 CACATG
E-box L5/ G-box L1 -427 -422 CACGTG
BEHI BRRE L1/ G-box L2 -359 -352 caCGTGCG / CACGTGeg
E-box L6 / G-box L2 -357 -352 CACGTG
BRRE L2 / G-box L2 -357 -350 caCGTGTG / CACGTGtg
E-box L7 -181 -176 CAAATG
E-box L8 -29 24 CAGATG
T BRRELI 1170 -1165 <« cGracG
E-box L1/ G-box L1 -1060 -1055 CACGTG
E-box L2 -887 -882 CATTTG
E-box L3 -864 -859 CAAATG
E-box L4 =739 -734 CAGCTG
BRRE L2 / G-box L2 -692 -685 caCGTGCG / CACGTGeg
E-box L5/ G-box L2 -690 -685 CACGTG
BRRE L3 -135 -130 CGTGCG
BEH? E-box L6/ G-box L3 -115 -110 CACGTG
BRRE L4/ G-box L4 -82 75 caCGTGTG / CACGTGtg
E-box L7/ G-box L4 -80 -75 CACGTG
BRRE L5/ G-box L5 -63 -56 caCGTGTG / CACGTGtg
E-box L8 / G-box L5 -61 -56 CACGTG
BRRE L6/ G-box L5 -61 -54 caCGTGTG / CACGTGtg
E-box L9 -49 -44 CAAATG
BRRE L7 89 94 CGTGCG

® Transcription start site
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Table 3. ABRE-like and RAV-1-like motifs for ABA response found in BEH4 promoter

consensus / like cis-element sequence

consensus ABRE consensus PyACGTG / TC
like ABRE L1 CACGTGGC

like ABRE L2 GCACGTGGTA

consensus RAVI1-A binding site motif CAACA

RAVI-A L1 CAACA

RAVI-A L2 CAACA

RAVI-A L3 CAACA

RAVI-A L4 CAACA

RAVI-A LS CAACA

RAVI-A L6 CAACA
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BES1 BZR1

BEH1 b

Relative expresion
Relative expresion
Relative expresion

BEH2 BEH3 BEH4

Relative expresion
Relative expresion
Relative expresion

Figure 4. Growth-dependent expression of BESI/BZRI family members was examined using
gRT-PCR. In the graphs, data are shown as relative values of the means with standard error (SE)
(set 1 for 1-week-old), following normalization by that of EF/aA4. Statistical analyses were

conducted using Tukey’s test (p<0.05).
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20 22 24 26 28 30 32 (cycle)
BEST s wee im e B9 &
BZR1 e - - @
BEH1 - 1

BEH2 ' L e e G

BEH3 PE————_
BEH4 S e - - .

Figure 5. Expression levels of BESI/BZRI family members at an early growth stage were
examined. Total RNAs prepared from 2-week wild-type Arabidopsis seedlings were subjected to
semi-qRT-PCR with cycles of 20, 22, 24, 26, 28, 30, and 32 for rough comparison of mRNA levels
between six BES1/BZR1 family members. The PCR products were electrophoretically separated
on 0.7% agarose gel and visualized using ethidium bromide. Similar results were obtained from

biologically triplicated experiments, one of which is depicted in this figure.
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Figure 6. Organ-specific expression of BES1/BZR1 family members was examined using qRT-
PCR; the used organs were roots (R), rosette leaves (RL), cauline leaves (CL), and stems (St)
prepared from 4-week-old plants as well as flowers (F) and siliques (Si) from 8-week-old plants.
Graphed data are shown as the relative values of the means with SE (set 1 for CL). The

presentation style of the graphs is identical to those in Figure 4.
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Figure 7. qRT-PCR was used to evaluate the effects of phytohormones on the expression of
BESI/BZR1 family members in 2-week-old seedlings. In the graphs, data are shown as relative
values of the means with SE (set 1 for the control treatment with 0.1% DMSO used as a solvent),
following normalization by that of ACT2. Statistical analyses were conducted using Dunnett’s test
(*p<0.05, **p<0.01).
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Figure 8. qRT-PCR was used to evaluate the time-dependent response of BEHI and BEH? to an
increased or decreased BR level in 2-week-old seedlings. (A) 0.1 uM BL was given to plants for
the indicated number of hours following 2 days’ pretreatment with 5 uM Brz, a BR biosynthesis
inhibitor. (B) 5 uM Brz was applied directly to the seedlings for the indicated number of days. In
the graphs, data are shown as relative values of the means with SE (set 1 for time 0), following
normalization by that of ACT2. Statistical analyses were performed with Student’s t-test (*p<0.05,
**p<0.01).
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Figure 9. BEH4::GUS plants were subjected to histochemical GUS staining at different stages:
seedlings in an early growth stage (A, 1 week and 2 weeks), several organ parts excised from
adult plants in a late growth stage (B, 4 weeks or later), and seedlings in a very early stage (C, 0—
48 hr). Leaf epidermal tissues (D) that were peeled off from the cotyledon (C, 1 week), rosette
leaf (RL, 2—4 week), and cauline leaf (CL, 3 week and 4 week) of BEH4::GUS plants were
subjected to GUS staining. The lowercase letters in A and B indicate a 1-week-old whole seedling
(a); above-ground organs (b) and roots (c) of 2-week-old seedlings; a 4-week-old rosette leaf (d);
a4-week-old cauline leaf (e); a 5-week-old flower bud (f); an open flower (g); an immature silique
(h); and a developing seed in a silique (i). Insets in Figure 6D present magnified images of the
epidermal tissues. White bars and black bars represent 1 mm and 10 um, respectively. Red arrows
and black arrowheads indicate pavement cells (PCs) located adjacently to guard cells (GCs) and

smaller cells located away from GCs, respectively.
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Figure 10. The response of BEH4 to increased or decreased ABA levels was examined
histochemically. (A) The triangles on a schematic drawing of the BEH4 gene and its 5'-flanking
sequence show the positions of ABRE-like and RAV1-like elements in both strands of the DNA
double helix. The element sequences are presented in Table 3. Box, exon; thin line, intron; thick
line, 5'-flanking (promoter) sequence; UTR, either 5'- or 3'-untranslated regions of BEH4. (B)
BEHA4::GUS transgenic seedlings were subjected to histochemical GUS staining; following the
treatment of either ABA (1 uM) or abamine SG (50 uM), a specific inhibitor of ABA synthesis.

DMSO (0.1%) was applied to plants as a mock treatment. Scale bars represent 1 mm.
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BIE TI9VIATaAf RV ITFABEICRT S Y a A XF XF BESI/BZRI

homolog 2 DENEE L HEEE

-181 H=S

BR ¥ 7 FIWAREREE O FUSIEBRED W DI NT e 78 7 BTk - T
EMICHE S TWD Z ERmbNTn5, BlzxiE BR Z%&1{K (Cafio-Delgado et al.,
2004; BRI, BRL1, BRL3) . #£:5 % {K (Ma et al.,, 2016; SERK1, SERK3/BAK1, SERK4,
SERKS5) . % LT GSK3 437 — (Vert & Chory, 2006; BIN2, ASK1, ASK() 72 ¥ T 5.,
[F#EIZ BES] & BZR1 bt 4 K- : BEHI4 /WSR2 7 7 IV —%2BR LTS D
& 725, BES1 & BZRI1 23H 5 BRAK(FZREEGHIENIER S 6 77 IV —KFI2 LD IT
ROICHIEI SN TN D EEZ BTV D, 9 W o e HRERNITEMILBR v 7 ) VR E
PRI A S 72D L, 72 & 2 —HORF2MEHE L TH BR 7LD &2 T %
TEMTED, THIERITHEO 7 = A LE— 7R DL IR bDTHD, LaL,
2OV TEL RV AT K, 7 7 Y —OER T O EMAREERCR 1Mo A BER
DFEINZ & > TEN RFEIC 72 D,

95 2 BT/ Y . BESI/BZR1 7 7 X U —6 [KI7-O#f5EIL, BES1 & BZRI
ZEHRODIATONTE 2, LEEn-> T, 5% 4 50 BEH & E 1 Z K1 OMERKAHTIZER
TV, IRAIZINBICEET 25 H 9 % CX 7= (Chenetal., 2019a; Chen et al., 2019b;
Yin et al., 2005; Wang et al., 2013) , BiZ[F U< LT, F£& O L RNFZEEEZED, AR
FRELME, SREFREM. FE VINEMEZ EI2fR D BEH AT R 4 KT OFRBUERAE H

H2MZ LTz (Figure 4-7), £7-. BEH2 & BEHI OFBL) BLIZ XV FH#lHIZZ1T 5
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EEALMMI LT, ZOREEIX, Yin et al (2005) A L7- BR 2L 5 BEHI & BEH2
DY CRACREEOHEICNA T, 256 218772 BREERE L MV BEEEEZ A5 L%
KT %, 5612 BEH2 (T BR ¥ 7 /W mEke Tl < Bl GSK3 #k¥x 7 —1 -
Arabidopsis GSK3/Shaggy-like kinases 0 (ASK0) L HEZFEA L, Vb ns Z & HH
5272 572 (Rozhon et al., 2010) , L2 L7Z23 6, BEH2 OFBLNRER BR 7 Uik
EREEZT L TR SN D D, o, BEBNTED X S 2EEZ2 RIcT 0TIz e
Al EG3Ino TR, £ 2T, BRIC K DR GHIEERICET 2 S b0 mA 28153
L7292, BEH2IZEHR L, ZDIRDBENEf#T+ 2 Z LI LT,

Z O EE U T, EFIL (1) BEH2 MDA N — L 3R & < e 2 5 BLEk
KEFHoZ & £/, (BLIZK D BEH2FEBLO T, FE22 BRIEEZ T L T
BZHZEEWOLNC LT, &5, (3) BEH2 28 BRIC KL 5 U Vbl 4 51 512
HEDL L, FICHKICRETSZ L, @) RNA-seq T — X IS B =) v F A
¥ MEHTICE D BEH2 A A R L ASERHA RIS D 2 RN H 5 Z & 2 5

L7,
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328 MERUHIE

3-2-118 3K

EHH D AFIE RO HIET 2-2-1 HIZRE# L72@ Y TH D, AHFFETIE. BR
(BL) & ZDEARLEA - Brz 12X T, BR ¥ 7 F VBREREA & U TR D)
GSK3 k¥ F—EHEH - ¥ =02 MH L7z, ERROFRALE S KROEEANLIST
100% DMSO (Z{&fi# L, DMSO DREIRFEN 0.1%LL FIZ72 5 £ 512 172 MS HE i L

776

32218 fEM & AEB SN

7 BARSLT SR 2 5 O ARRFZE I N -2 T D v A XF ZXF (Arabidopsis
thaliana) 1%, Columbia (Col-0) ZERERIDOBIRIE A2 BT 5, AW TIL BESI & BZRI
DOFSHESEFSTNIE RAK L LU C besI-D & bzrl-1D % LTz, besl-D 728 BARIZ SV T,

BRI A En2 205 Col-0 ~& 2847~ 5 728 Columbia B4R & DR L2 HE% 3 [BIfT
72, T-DNAfEAZERIKRTH 5 besl (SALK_ 098634, SALK _091133) & bzrl (GK-857E04)
< Arabidopsis Biological Resource Center (Ohio State University) 7> & i A L 72,
“BEH2::GUS” , “35S::BEH2:GFP” . “35S::BZRI:GFP” &4 {t\}7= 3 DDIFEtrHL
A X RFITEE DR T HUFFEE TR Lo, fEWEE: A O 1/2 MS B3 IO ERR L,

FEADOWEE, EBSRM2 S13E 2 ZBOME R NG (2-2-2 TH) ORt#icHE U7,
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3-2-3IH 7T A R LR O B iR

7T A RHEFICHW =AY 2 X7 LAF K (PCR 7T A ~—) OFELH|IZ Table

41Z/R LTc, BEH2 7'mE—4% —& GUS DIEEEs T OIEGRA 8157 (BEH2::GUS) D
FESITEE 2 BOMENL OS5 (2-2-3 TH) Tidiah L7z BEH4::GUS & & is 1 & [RIERICAT
ol —H. 358 I rE—4% —THlfl =415 BEH2:GFP. % L <% BZRI1:GFP ¥iRE&
AR T (35S::BEH2:GFP, 358::BZR1:GFP) |ZLA T D X 9 ITHEEE L=, £7°. BEH2 &
BZRI DZIZEIND cDNA 22 b &I a R 25 £\ L9 ICRIFRiEK (CDS) % PCR 7
—=7 L, BRI ERGH, AT —F X=X B E TV DB RS &
FALTHDZ EaMER LT, HWT, CDS Z&Tel % pTH2 77 A X K (Niwa, 2003)
ED 358 Fue—H—L GFPIEERETOMIC GFPEIE O Ry 7 L—ANRE 9
FOALRL, ol 2 DOWR@MEEIRFIE. XA T U —x_"7 Z— .
pCAMBIA 1300 (Hajdukiewicz et al., 1994) @ T-DNA fEIIZfEA L7z, &2 EOME L O
ik (223 W) IC#EL T, ki 3 O A Bz 7 (BEH2::GUS, 35S::BEH2:GFP,
35S::BZR1:GFP) % £§> pCAMBIA1300 % 7 7' 1 X7 7 U w7 . EHA105 (23 A L, [l

EHEHAWEZT7a—I )T v TIECCOR IR v A X X T E2 157,

32-4TH R—T 4 IV H U AWEEBEFEA

B EAS T- R BT D 7250 D 2 ~ 3 X F B AL~ B 5 T H AT
AFVAT 47 « R /N— KA MEIZXVIT- 7= (Sanford et al., 1993) , 9. 3D

DIBIE T (35S::BEH2:GFP, 35S::BZRI1:GFP, 35S::GFP) D\ L& REFd 5 pTH2 7
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Z A3 K DNA (0.8 pg) =4 K7 (0.5 mg) (ZW s SH7-, Hi\ T, Biolistic PDS-1000/He
Particle Delivery System (Bio-Rad, Richmond, CA) # H\ T, DNA % £ & o> 7= &k 1% ¥

YR XDORPMREIAFTHIAAT,

3-2-5TH  FEPRSEAAEAT

AL T, EAMICERF 25T 12 MS B CREAEZEHRT L2 LI2k T
o7z, KA GUS FENTIZR W TIE, 5 B BEH2::GUS IWEHRHARSEA % 0.1, 1
uM BL, & L<I&5 uM Brz Z5&Tp 1/2 MS BRI~ L, BT 24°COSMFCT—E
IR AR L7 B ISR b 70 GUS Ye o ii L7, — 5. AR GUS T IZ 3 T
%, 14 Bl BEH2::GUS 4% 1 uM BL Z & ¢e 1/2 MS [ETEE I~ L. BPT 24°CO
ST T 3 HIEEER Lo, GFP # Oz Cik, OGFP & ORI G B+ %
BALES XX R BL X Brz 2510 1/2 MS [FEZEEHUCER L, BET, 24°C
DOEMTT 1 BREESE L, 7. @355::BEH2:GFP X% * 35S::BZR1.GFP W& tnffi s
oA XF R (7 Biit) Z BL., & L <% Brz &1 1/2 MS iR~ L, BHAT 24°C
DFEMT T 1 HEE#E L7, RNA-seq fEHTICHWTIEL, ERREH ET 14 HREE T8
AR Y 358 :BEH2:GFP DA% 0.1 WM BL 25 Te, & L<ITE E720 1/2 MS IR IRE: 1

~% L. BT 24°CT 4 HEREEEE LT,

3-2-6TH RNA filitt & RT-PCR

RNA Offift} & RT-PCR 135 2 EOMEL L VG E (2-2-5 ) ITFL# L 72 kI HE
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U7z, RT-PCR IZHEHA L7277 A ~—DHHERS| &7 =— 1 > 718 IL Table 4 12/~ L

7’1»
—o

3-2-71 RNA-seq & N GO/KEGG =V v F A > Mi##hr

RNA-seq (Z/HW D RNA o 7 /uid, ITFO XS ICHE Lz, 9. 14 BiD
gp /B L 35S :BEH2: GFP TRk % 0.1 uM O BL & & Tp 1/2 MS R IREE I C 4 BRI ES
# L7-, T D%, Total RNA Extraction Kit Mini (Plant) (RBC. Bioscience, Birmingham, UK)
ZHWTARNA ZHiH L, 1.6% 7 H o —AFVESKENIC LY . il L7 RNA 4y
RN & ZRER LT, & 51T, semi qRT-PCR IZ & W EHFED BR ISEEIL T D%
BaFHE+ 52 LT, AHE L7 BLOBEE MR LI,

RNA-seq fitTid, #REtE~ Y # X (Hangzhou, China) IZEFE L7, ZD=,
SRAALEL 2 Jifi L 7= AR D> 515 5 4072 RNA $ > 7L 4 i (WTD, WTB, OXD, OXB) % [F]
Iz 26T L7z, RNA-seq )& id /L2 F- D NovaSeq 6000 Sequencing System (150 bp
paired-end reads; 3G) & W TiThoiiz, 672427 — # 1% FastQC (ver0.11.8) (Wingett
& Andrews, 2018) Z T2 Y — ROMELZ MR LR, WU N T—F%&H572012,
F 9" Trim Galore (ver0.6.4) (Krueger, 2015) OF 7 % /b M Z WO CTEKSEE D U — RHAFR
T, IRICHEE S T2 D U — R % STAR (ver2.7.4a) (Dobin & Gingeras, 2015) D5 7
NV MEZEfi> Ty arA XFXFTAIRIODY 77 LU A7 ) A RIZ~ vy BT LTz,
#eW T, featureCounts (v.1.6.4) (Liao et al., 2014) Z YT “gene symbol” (Ensembl v27) (2
Lo TERBINDFEBETOV—RFIV Y MadtHE L, LT, £ RNAH T LD
MmUY — REE 100 5 YU — RIZHIZ 5 2 & CRNTATRE R8s 7 DR B 2 AF (L L 7=,

B, BT b T —%% TMM FE#E(L U721, edgeR (ver3.22.3) (Robinson et al., 2010)
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Z T 2 BE I 21T o 7o, ARSEBR Tl JEBik (fold change: FC) 28 FC>2, & L <
IZ FC<0.5 D1 &= B AL BB (5 1 (DEGs; differentially expressed genes) & L 72, Gene
ontology (GO)/Kyoto Encyclopedia of Genes and Genomes (KEGG) =2 U v F X > NMEHTIZ
A>T A > —)b g:profiler (version €105 _eg52 pl6_e84549f) (Raudvere et al., 2019) % H
WTATH T2, AREZDORIEIZIL g:SCS multiple testing correction %% VY, BfE 0.05 &

L7,

3-2-8TH L ARN— & —fifhT

HLRRAL 1) GUS fiRATIEZES 2 B OB 0515 (2-2-7 TH) ([ZFe# L 7= HIEICHED
T, F7=. A5 GUS fi#HTIX Jefferson et al. (1987) D HIEIZHEL TiT o702, v A X
T AT & F = A XD GFP FOLOBIET, OP-66835 BZ filter GFP % %55 L 7= 4L
8% BZ-9000 (Keyence Corporation, Osaka, Japan) % H \»CT4T > 7=, 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI; Dojindo Lab, Kumamoto, Japan) (Z & % £% D%} Fe a3,

AR T O IAEIIE > TIT o 72,
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3381 MR

3-3-118 BEH2 Efin1 : #LREF RA 7R & BRIGEM:

ExRoi@ Y | FHIL BEH2 BAR T OFEBLAN/AE BR ®I(2G U CTEHEICEE T 5
ZEEHBMNIT LT (Figure 7, 8) . £7-. #ERTOEHE DS BEH2 # /37 EH )Y BLIZ &
DILY gl S5 Z & (Yinetal, 2005) . BR ¥ 7 VIR CHERET % #7131 GSK3
¥ —1E - ASKOIZ XD, U b3t d Z & (Rozhonetal., 2010) 3HI HAL TV 5,
IO OFEIE, BEH2 28 BR v 7T /VEEERICBER L TV D 2 L 2 R T 5, £
Z T, BR UV FIVRERES. RFIC BESI/BZRI 7 7 X U —\Z X B U5 SHI{HIEEAE % iR X B
g 7o, BEH2 OMEEAHT 2 S BiciEd 5 Z &iT Lz,

HIHIZ GUS LiR— % —% T BEH2 DFEBLF — o B R AL 20 AT L
2o 1. 2 0> BEH2::GUS HEMIATIZ, T Z RV -2 TOHRE THEBO GUS B
BRI, P THRNE LMY E > Tz (Figure 11A), £72. EOHWEIZBW
THLREOIAIIR LTV, Fl2IE, RIZ. A Y AT AT R REIIDS 70k iE ik
(ZHEARTHR < Yeth STz (Figure 11A;d, h), TEEICBWTIE, EH O & Zhic
foi < AR ER < Yo E - Tz (Figure 11A; b, f) . EBRTOE VY v ME (1) T
ITHEH BRNYE > TV, GUS Yeta i3l E 23 T e 2 D TR OZERZS (Figure
11A; ¢) C8EH (Figure 11A; @) IZIRE SN TV o 72,

WIZ BRIZ XL %D BEH2 mRNA & BEREKHETIE X 5008 9 hEH LI
T L7202, BLAEE L7z BEH2: :GUSTEWIA D GUS &1 2 AL P 3 A L 7=, Figure

1IBIZ/RT L 912, 1 uM BL % 3 HMALEE L 7= BEH2::GUS FEW)R (17 B #F) @ GUS %
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PEIX DMSO xfHRIX & b U C 1/5 FREE, ARALBEX (14 H ) & bl LT 172 BREE I
L7,

feV T, BEH2 BAGT-JEELO BRIGEMEZ S HITH LI T D72, 14 Hiind
BEH2::GUS JEE AR % i B0 & M RIS o0 T, 22 Al L7z RNA 28580 &
LT semi qRT-PCR #4757, fENT*IGINAD BEH2 #fn T (BEH2) &8 NiEfs 1
(BEH2::GUS) T® %, Figure 11C IZ/R" T L D12, MEMSETO mRNA &%, RTbv =
— FTH BLIZK>THATHEMRAONT, £lo, £OH T, RIZBITLHHNAE
BEH? 51 ORBUK TILHFM R GEENBD b=, —JF, Brz i, vY=— K, R
Zod, WEE 7O mRNA EICEE L2V, ENSHENSEET o7, £,
BL (Z%f9 5 ME s T OFRBUSEITH EE LN CTlE A EEZR o1, EHIT,
THERT— (5 i) OFAEEHAWT BRICKT D BEH2::GUS DI % #ik b 0912
Rt L7z & 2 A, FAKE 1 B#, 3 BAEOIRIZE T S GUS YLD FRE T 5772 BL

IZE > TIEF L., BrziZ k> TEH L7 (Figure 11D), XFBRAYIC T-EED GUS Yo g X

i

I

HHNOEBE T E A EZT R oTc, ZORERIL, 14 BliOFEA % H\ 7= gqRT-PCR D
fEH (Figure 11C) L H72 %, LibEZzF LoD L, BRIZEL D BEH2 ORBK T IX#55 ]
WEALTRZDZ &, EEHIENEH B - A2 bTREE L NN

277,

3-3-2TH BRIZ X % BEH2 OFEBUK FITAEAEN) 72 BR o 7 T MBEREKE Z /T LT D

BR (3T b OB Z G LUV THIEIT 2 Z MO TWDR, 2D 2

L% BR V7 F A ORAOHIEIK T - BIN2 ¥ —FORELEN L TREHLEZ LN
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TV (Mao & Li, 2020) , £7-. v uA XF X FTlE, BIN2IZAER S 10FETY 7 2
J—%ER L TWD I ENIHE I TWD (Jonak & Hirt, 2002) , %= Z T, GSK3 &%
—VIHEA - EX=2FHNT, BIN2 ¥ —FBLZD7 7 I U— A2/~ BEH2 O
BB H 2 DB A A L=, Figure 12A;alZ/k T X 912, 30 uM B3 = % 4 HFRE,
L <IE 24 BEALEE L7- & & BEH2 @ mRNA =X, BL Z#/WB L7 X LRILL,
DMSO xR X & b LT 12 LR Uiz, RIS, BESI & BZRI O ML BAR (T-
DNA i A% FEBERFERY ; Loss of function) T# % bes! (SALK 098634, SALK 091133)
& bzrl (GK-857E04) # W CRIfEMT 21T o7& 2 A, ¥ =X BL I L5 BEH2
mRNA £ ORI TE AR TR O b O L [RFRE CTh - 7= (Figure 12A;b-d), =
DOFERIL, BRIZE D BEH2 O T HHl#NCE] L T BESI/BZR1 ARE 1 7 6 flAN TLERY
\ZHERET D Z & AoRME9 5, —J7. BESI. BZRI DEVEE BAK (BEREMES ; Gain of
function) C& % besl-D, bzrl-ID AW CRIERZIT o7& 2 A, besl-D IZHB W\ Tix
BEH2 mRNA &N BFAERAED IR OFKI-0501F EI2D L= DIkt LC, bzrl-1D TIXEA
BT E A EED Lo T2 (Figure 12B; a, b) , BEH2 & 13X FRJIC, DWF4 mRNA %
IL besl-D & bzrl-1-D WA RARKIZIBWTE L <A L7z (Figure 12B; ¢, d) . Z Dt 13,
DWF4 75 BES1 & BZR1IZ X WV AIZHII D & ) GERTOHE & FJE L7224 (Jiang et
al., 2015; Kim et al., 2006) , LA EOFERIT BR 23 BIN2 % & ¢¢ GSK3 £k —E D AiE(L
& BES1/BZR1 7 7 X U — A U —D{EMALZ I LT BEH2 DERGZ M52 Z & &I
T %, F7o. BZRI &I LT BESI 2MEYERIIC BEH2 DEGMANCEHDL L & E 25
iz, fimm e LT, BRIZK D BEH2 OEGMfIL, THETEISFHARLNTEZIER

(canonical) ® BR ¥ 7 /UZ K o THIEI S D Z E R LN 5 T2,
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3-3-3IH BEH2 % > /378 : HIfAN JSTE

BR ¥ 7T IVRIEIIRE OB E DB C & & S F IR STV 5 (Manghwar
et al., 2022; Mao & Li, 2020) 3, BR ®=I(T{KAF L 72 BES1 & UF BZR1 OF—li i B &l
W EEARPFHE DO —>TH S (Ryuetal., 2007; Yin et al., 2002) , = Z T, BRIC K DHEE—
FIE BB E A BEH2 IZ b S D008 D a5 NI T 572912, BEH2:GFP il
HH R EOMINIBTEICKTT 5 BL & Brz OFEBEZH#AE Lz, EAlZ ATy
R M CH5 & U 7o, 35S:.:BEH2:GFP Bin % —MANII B S /o ¥ v R X REL D>
GFP HEDIE L A ENHEE b H B R THE S Lz (Figure 13A) . £ D,
BEH2:GFP fil &4 > /37 B IZ K3 % GFP #t & DAPI DM ILRIE L= 2 &b,
ZOREBERIIETH D Z L DD bz (Figure 13E) , XFHRAYIZ, 35S::BZR1:GFP <°
358::GFP B TIZHKT Dikfd T ¥ ~ 1 ¥R MO & O 7 Tl &
A7z (Figure 13A) . e\ T, T HDX v R XEKKLE BL X° Brz TR L& Z A,
BEH2:GFP OO, FANLHIZEA D 69— B L T THitH Sz (Figure 13B) . X
fIIZ, BZR1:GFP DI, HEAIOREEICBIMR R < MifE & O 5 TR LT,
Z ORI BL AW XTI IC R TR O 233 < . Brz AHX TIIEE LY &
HIRE DS 238 < 72 - 7= (Figure 13C) , Z ¥~ XXX EAMIC BT, BEH2:GFP (23K
TOHRMARKITIEANOFESCHEBEICEHDLTETRDONTZD T, KIZ,
358::BEH2:GFP JEErHiy v A X+ XF % HAWCREOBIZE 41T > 7=, Figure 13D &
BEIZABND LT, 8 AlOEEMR L 1A X T X T DROMALIZIBN TS,
BEH2:GFP HIRDfkEHEENE I TRl Sz, 377bbH. BL X Brz LW o724

BR B8t Ex 5 2 2HANOFEET TH., BEH2 IIZICRETHEEZ2 BN, —7.
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BZR1:GFP I[ZH T 2806IE v A XF X T OROMOEE L MRE O 57 TR.O 4,
FOERNERII Y A FERZMROGE ERBRIZCBLBrz 2 k> T2k L7=, UAED
HEHT. BEH2 Z 237 E 7 BZR1 =° BES1 &3 E72 V BR &EICIKAE L - E—MnE»

LI R AN AN 7 N/ g RS

3-3-41H BEH2 2 X R I S35 &8s 754 & BR v 7 UBEIZRT % BEH2 O

7 X/ BKHEIZES T D BES] X° BZR1 & OFEMIME S BEH2 [THRER - & L
THERET D & % 2 B D (Nosaki et al., 2018) , % Z C. BEH2 23381 % HlH4 % &/ 1
(BEH2-regulated genes) Z #9572 RNA-seq 217->7-, LT, BHohl-T—4 %
HAWTEBLRRO Y v A X F XS B ARNY AR L BEH? @RI FEBLA (BEH20X; BEH2
overexpressor) & DD kT A7 U 7 h—ADEWEFAM L7, AEBRICHW
BEH20X (Z351F % BEH2 D3B8 3B AR EAIZRB T 2 3BLOK 6 f5H Y . 35S::BEH?
LT IZH KT D BEH2 (intBEH2) mRNA I BLIZ X VBT 5 Z L ix7eh - 7= (Figure
14), Figure 15SA(Z: 9 X 912, BLA G £ 720 ECTF C-BERMY K & BEH20X
DD ~Z7 A7 Y7 h—ADHEE (0.1% DMSO LEEX; WTD vs OXD) (Zi%, 15670 ™
BARTREbZ, 09 LEARIZK LT BEH20X FEATHRBEL &N 2 FL 1
(log2FC| >1) Z#h3 % i#8fs 1 (DEGs; Differentially Expressed Genes) (% 631 {# 727220
ZOH T 346 1338 EFH-#E 5 7 (U-DEGs in WTD vs OXD) ., 285 B X3 HK FiEfs 1
(D-DEGs in WTD vs OXD) 7257, [AEkIC, BL Z &bt | CH B AMEY Ik &

BEH20X D[] o i (BL ALER[X; WTB vs OXB) ([ZffiboiL7 16242 @I+ D 9 b,
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BEH20X THHL&ED 2 (5L LAHE) L2513 606 o0 o>7, 2D 5 H 308 A
38 b A5+ (U-DEGs in WTB vs OXB) . 298 {fl 23 & HK T (s F (D-DEGs in WTB
vs OXB) 72572, F£7-, BLABOHE (5 606 ; H 631) IO T RENLH T HiE
B3 106 I - 72, LLEOERIZ, BEH2 OBFIFHN 1131 LI EOBE T ORI
WA HZTWDHZ LE/RLTW5D, ChIP-chip OFfENTIZ L W BESI & BZR1 1ZZFI <
AL 1609 i & 3410 HO—RAEREIS T (EHAENELT) 2RO Z LRGN TnD
(Sun et al., 2010; Yu et al., 2011) , % Z T, BEH2 OiBFEIRIIC L 0 BRELE T 5851
(BEH20X-mediated DEGs) 1131 f#l & BES1 & ) BZR1 ORERER & OFE/e Y #if~7-
& A, BESIAEMBE T & 1% 41 {8, BZRIAEAEE L 1L B4 EAEE L T, &
. ZTOHH 18 [ IxE S N—FITHEL T2 Z & 55, BESI, BZR1, BEH2 733t
HWLUTHIE L TWDEETThH D EE X LI (Figure 16) .

WIZ, BEH2 OBFIFEEIC X 0 BELE T+ %857 (BEH20X-mediated DEGs)
N, BRI T EORE BR Ofll 22T 20, §78b5, BR V7 FVREICE
\7 %5 BEH2 O ERE A B 67223 5 72912, BEH20X-mediated DEGs & B ARG (412
PBWTBLICEKY 252 EFRBINEE T 2 # {51 (BL-mediated DEGs [U-DEGs (406) / D-
DEGs (446) in WTD vs WTB; Figure 17]) O OIEHL % bhilg U7, Figure 15B 12~ L7z &
912, BR AL F T bl BEH2 OWRIFEBLCTHRILN LH-3 581 346 & (U-
DEGs in WTD vs OXD) @ 90 {iE# 23 Bp AL RUFEM) (A C BLIZJSE L TR Y . ZDOH D 85 il
FHLER. S EIIRBUKL T L TWe, —J . BRIEF(E FTH LI BEH2 ORI EL
TRIANME T 5385+ 285 (D-DEGs in WTD vs OXD) ¢ 99 fiil A3 B A FUAE #) & T BL
IZE L, ZOHO 96 EITFHBUL T L, 3MEIEFHE LA LT\, BRTFEFTHLR

72 DEGs 2% L ClRkED i A2 L= & = A, BEH2 WRIRBUAN TR LF+ 2& 61
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308 f#l (U-DEGs in WTB vs OXB) @ 68 BN B ARMEM A TBLIZISE L TBY, D)
B 63 EIIFHBUR T, SEINIFB LABE T2 o7, — 5T, BEH2 BFRIFEHA THRILN
K9 2 s+ 298 18 (D-DEGs in WTB vs OXB) @ 66 il 23 B A= FUREM) (A T BL IZIE L
THEY, 209550 S3EITREB LA BEIIEIUE TEE o7, Zh b ORERIT,
BEH? OisFEPREIC X 0 BEBLNEE 4 5 8= 7# (BEH20X-mediated DEGs) @ 20-30%
[U-DEGs (90/346) and D-DEGs (99/285) in WTD vs OXD; U-DEGs (68/308) and D-DEGs
(66/298) in WTB vs OXB] NI ARMEM RIS W T BRICHIEI S NS Z & &2rd, £z,
ZOJFmMEIL, BR IEMFIE T TH-OH - 7= BEH20X-mediated DEGs (Z351F %5 BR IG&1E
5T D% < M, BEH2 DiFIFBL L BRIZ X - CTH—F MBI S5 —J5 T, BR
FIETOZ T FICHBEESND L5 THh D, Z ORI (logFC) 2 ffi~7-
— k= THEHTC L DD D ALT- (Figure 18)

fEVN T, BEH2 OABEREIC X B 5729, 4 £~ F® DEGs (U-DEGs / D-
DEGs in WTD vs OXD and U-DEGs / D-DEGs in WTB vs OXB) % i\ T GO/KEGG = > U
v F A MEMNTAA1T - 72 (Figure 19), Figure 19A 127k L7= X 912, BLFESE(E F T BEH?2
OMBPFZEHNZ L0 BB _EFH3 5857 (U-DEGs in WTD vs OXD) T, GO: Biological
Processes (BP) term “positive regulation of iron ion transport” O A3 &k Sz, —JF . BL
FEAFAE T C BEH2 OIRFIFBUZ L 0 HBUK T3 % {5 1 (D-DEGs in WTD vs OXD) TiZ
12 {E > GO:BP term & 11E @ GO: Molecular Functions (MF) term 23 &g Sz, 12 @D
GO:BP term [T/t A h LA U FARMEET ot X S EEHEGIE, BRI L
A (chemical stress, salicylic acid related process, systemic acquired resistance, oxidative
stress) & W\ o7 A R LR - BHHIGE &R < B L T2 (Table 5) . S 52, kg

12GO:BP term |25 £ 415 28 1s 11381 term T % “response to stimulus”|Z 5 £ TNz,
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F72. GO:MF term “DNA-binding transcription factor activity”|ZJ& 9 % 33 &1 D H b 21
fEIXA b L ABSHE O GO:BP term IZHF FALT W2, T HORERIL BEH2 28 A K L&
72 EOHNIRTEI KT HINE LRSS BEDL L Z &, S HICA M ABH DR ER - D ¥
B RbHH 2 L 2R LTS, —F, BL f#7£ FCIE. BL EFETOHRA L IT4
<HE72 % GO term 2NEHNE S A7z (Figure 19B) , BL f#(E FC BEH2 OiaHIFEHIZ L 0 %
B EH-94 %3851 (U-DEGs in WTB vs OXB) Tli&, flliufE, 2~ L ZAR&, b WEIC
%45 #EA (cell wall, stress response, chemical binding) (ZBI(R9"% 5 {8 GO term (1
GO:CC, 1 GO:BP, 3 GO:MF) 23 &7z, —J, BLAFE F T BEH2 DiEEPRBUZ LD
UL T 2 Es 1 (D-DEGs in WTB vs OXB) Tl 19 @ GO term (10 GO:CC, 7 GO:BP,
2 GO:MF) & 2D KEGG /N AT =A NRESNTE 72, TNHD term K UVIA Y =
ADT T —arnb, BEH2ITERETE Z 2 ARMIS, FRCHIRIS, O

IZAELDHA ML RIZEET % &3 % biL7e (Figure 19B, Table 6) .
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348 £

BR ¥ 7 FIAREIZR T D 2 DOHFRG KT - BESI & BZR1IZOWTIX, Zh
FCICEERMANEEINTWD (Lietal, 2018) , —J7, BESI/BZRI F~E1 7 -
BEH1-4 (BT 25 MIZA D720, £ 2T, EFHIIHEMA/LE L BR AT 28R
TIEHAE DO E R DA D=0, 4 >OBEHARER /D55, BRI ZFLED
7R BARAMER ST\ D BEH2 (2882 Y THFgE 2 D 72,

GUS etz R L 7= A AR S BURAT I, 2R E K YED DAL - M KIS
725 BEH2 DB ZFEAMCHA 572 L7z (Figure 11A) . BEH2 132 < DB THi
DTIRONTZE ZATRIL T e, £, BEH2 OFEBLUIH EEIZHATHIRE T X
DI CThHolc, TDZ LiE BEH2 O EEREEMVARTHL I L 2R L TNDHD
h L, ABIA ST 72 BEH2 ORBEAIL, AEEREE2E L UITEF
(ZFEH 4% BESI (Jiang et al., 2015) <° BEH4 (Figure 9) . HEPHERN, KR ZN D OHERE R
#lf% T I L T\ D BEH3 (Furuya et al., 2021; Van Nguyen et al., 2021) Sl K& < Bp 5,
INLDORREADLETERLE, 7T I BESOFLMENEHEIND L5 1
BES1/BZR1 7 7 X U —DHFA L N— T XS P FHELROICHLEDLLT, £t
NRRRLHBUFRE RO Z & TRA - BREOEFTHIKELZRET L LEZbND,

REDHFZEN S, BR 28 BESI/BZRI 7 7 XV —6 BIGTFD 9 HDKSINDIE
BUCES D Z L 3gho 7z (Figure 7) . 121X, BL I BEHI & BEH2 ® mRNA &%
Y &, BESI ® mRNA BN S W7z, TS BEH2 DEBNEE ThH o7, £ 2
T, BFED% Y TIL BLIZ K % BEH2 DEEGEMHNZOWTER LT, UFD X9 7%

FEHR AT, £, BL A5 L7~ BEH2::GUS FE4 D GUS {EMEIZREX BT 52 L
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W53 no T (Figure 11B) o, Mx T, FHERT — VO EAZ HW TR GUS Yt
225, BLIC K 2EGHNHNIEH EE L 0 AR THE TH D Z & 230> 72 (Figure 11D)
L2722, 14 Bl BEH2::GUS TEE A % iV 72 semi qRT-PCR O F1%, BL 2341 k-
HCHIRTHWNAED BEH2 BIA T &8 A S 4172 BEH2::GUS BRI H K9 5 mRNA &
EWD S®5H L &R LT (Figure 110) , EREOfERZAEDOETCEXDHE, BRIZED
BEH2 BT HBLO T IHHAENL, MMESIETH L, BEHRHEIC LV ER S D 2 L
ZRLTWS, L, BIREATIE BRI XD mRNA O3 7e Es 5% EARE 50 A
REMEAHERR T2 Z L1 T& A2\, AT, BLIZX % BEH2 B0 FHHEIL, 73X
T = (5 Hlin) OFAE T B AR CEEE CTd o 72 (Figure 11D) 23, 14 H#EnOHA
PR CIIAR T H 1 BT H AL & Tz (Figure 11C) 2 &6, Z OFIHBEAE 1= Be bt
(TR L CTEILT D TREMEDS B A B LTz, Atk ZO FHHMENE Z 2485 - MRS
AR 2 R E LT < 2 &Ud, BEH2 BT OEREZ RIA4 25 L THIERZRV, BL 23
HR5 L ~ULCBEH2 % T HHIFIL TWDH Z LR n-7=D T, FilL T BIN2 &5 ASK
7 7 X U —=° BESI * BZRI #ER 7N Z ORIEIZED 20 E I a2 A, ©
X = U REAERNER, % LT besl, bzrl RIFZEFEIRIZIBW TS, BL & [FEEIC BEH?2
mRNA ZIKF &5 2 &R 0ho7z (Figure 12A) , ZOFERIZ, ASK 77 IV —DF
FT—EN BRIZE D BEH2 FBLO T HHIEICTHEI< Z L 2R L TWoD, £, e
BHRRE - EBRFERIE BEST X° BZR1 78 BLIZ X 5 BEH2 FHLO T AN LT
HILEIZEN TV D2y, BWERKEE LRI L2 RET 5, 6T, IS

RIS BARZ FWNCHIGE 2 D= & 2 A, BRI L il U C besI-D Tl BEH2 mRNA

|

D372 < bzrl-1D TIZRAFRRETH D Z & M3 ydr- 1= (Figure 12B; a, b) . = OFERIT,

p7e< &% BESI X BLIZ KD BEH? 3880 FHHIENCE Z & 2R LTCWb, LLED
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FMRAEFEL DD L BRICK D BEH2 Bin 7 OFRBMHIL, BIN2 2507 ASK ¥ 7 —
7 7 I U —=X BESI « BZRI 855K+ H4E Rk S 45 IEH (canonical) @ BR ¥ 7 F /L
BEREEZBECTEIDZLERLTND, YA XFXF D ASK IF2HT 10 FEfFE
EL. 2D 9 HO 7HE (group 11. BIN2, ASK1, ASK{; group I. ASKa, ASKy, ASKe; group II1.
ASKO) /X BR ¥ 7T IURIZEOADOHIEIRE & LT < Z &3 E ST % (De Rybel
etal,2009), L7=23>T, BREN EH L7-& &, 721X GSK3 X —YEAE X
=BG I &, ASKs IARTEILESN D ERIRFHZ XY VNI BERAT 7 4 —1E -
PP2A MMEMEAL X du, EOfE%, BESI/BZRI 7 7 X U —#xB R -2 Uk %51 T
HEMALT 252 LT BEH2 OFBARADZEI LEZEXLLND, ASK 77U —X
BESI/BZR1 77 X U —D X ZHRER T Z LRI EIZE > THe b S5 @7 HEHE
AT RNEITAEY) D AAF A AT R 72 MU P 2 SBARRHRIE B F o TV D LB X B
Do L2L2RG, ZHhbOFEIINE LORELFEEZ T, LenosT, EER
BT DM N—T DRI D F ¥ LoD, EitO#EZ Ik L ASKs X BESI/BZRI
772V =D EDRT BEH2 ZHIEH L CWDO0EEE DL LIThbEEZD
ns,

BES1 X BZR1 OHRBRF-& L TCOBE X, 'mT 7 Y —LIZ L5 53# (He et
al., 2002) . H—HIf'E R E) (Gampala et al., 2007; Ryu et al., 2007; Yin et al., 2002) . DNA
fEARE S DZEAE (Bai et al., 2007; Vert & Chory, 2006) 72 &', U U ER{LIRBEICIKIE L 7= & >
XY ERMEDHIEC LV REi S D, BEH2 H 72 BRICEK - T VEMbES b Z &
DS STV D (Yinetal., 2005) . & B2, BR V7 T I/UREICB W THERET 5 2 &8
WA S7z ASKO ¥ —FBILBEH2 # 8V BICHEERS A L, Zhve ) Vb b2 L

DA X4 TV D (Rozhon et al., 2010) , & Z T, FEFIIPLGFP HLEEZ WA L/ 7
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2y MEIZE Y, BR &OZEIN BEH2:GFP O U U R(LIRREIZ 52 B AT ~7-, &
DR, BLAWEIZ & - T BEH2:GFP i & & > 37 B 1% SDS-PAGE (25T 2 BB FEHEA
<720, —J, Bzl k> TBENEHNE L 72> 7= (Figure 20) , 2D Z &1, Yin et
al. (2005) DOFEF & FERIC, EZVEH L7 35S :BEH2:GFP WHEEHKRIZEB W TH
BEH2:GFP @il % o /37 E 7 BR ®ITIRIE L 72U Rfb - B ) R bl 2= g 7= 2 &
ZRLTWS, LoxL7es s, BL X Brz OALEEZ 4 B4 59" BEH2:GFP % > /37 & |Z
k4% GFP @ GIXEICEICRIE LT Z &6 (Figure 13) . BR BEOZEENCER A <
BEH2 NEICHICRET D L &2 b=, %Y. BEH2 I3 BR {E/FH7 U - ER{LHIH
%7 %5—7) T, BESI X BZR1 &(3HR0 ., Z0 U CEbili#Ez i Lo —Mid iR
BHlEIIZ T R EE 2 Bz, BEH2 O 7 X/ BRELS] B 2 DO RTERLS] (Wang
etal., 2002) (2%, AAEJRIEIC LT R 14-3-3 FRFRARAL Y] (Madeira et al., 2015) & 7.
o> TUW%, BEH2 @ 14-3-3 58%ACS1 (PLRISN[S]APVT) |d BES1 (PLRISN[S]APVT) X°
BZR1 (SLRISN[S]CPVT) ®Z 1 & L <Ll CW 5 (Ryu et al., 2010; Ryu et al., 2007) , Tix
{a723 BES1 + BZR1 & BEH2 OHIIANRHTEDEWE LA T DA 9 Dy, Ryuetal. (2007)
X BZR1 D 2 5D& U L 5%HE (S-130 & S-134) 25 ieh H —D2D KA A 2O it
LCW5, ZDRAA 0 BIN2 FF—FOREN L7220 BZR1 230 HHPEH & 5 B
[ZEE L S3Ld, BEH2 TliE, R KA A U ND 2501 Y UFRIEITRIT STV,

KA A NRZEDWTED 3 DO (Q-128 in BZR1 vs H-121 in BEH2; V-129 in BZR1 vs
G-122 in BEH2; S-132 in BZR1 vs V-125 in BEH2) 73 BZR1 & #72 > Tz, 7=, 32D
2B 2 DOBREOBEHUTEKRZT I /RO kxSl g T EEZ6ND, L
MoT, TORAALHNEOELEDOT X 7 BIRIEOE VD BEH2 OEF I RTE %

FIEEIL TS Z LB BERDND, FRRIZ LRR/ERAGR DB DORGE & > BEH2
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DRERLIIRE JRTE OB & R+ 2 BN B 5,

A FE O AR - FE BT I BAR T OERRICA S 72D DN ey — L Th D,
RNA-seq D7 —# % -84 & BEH2 BEPEBUR DM D N7 27 ) 7 h—ADk
#:1X BEH2-regulated genes (BEH2 (Z X U il il S 2 B in ) (ZBAL TW L DD F 472
WA Lz, £9°, 131 fHU LB 23 8 AR (K & i L C BEH20X FE4)
RN TEEIL T\ Z &SN - 72 (Figure 15, 16) . Z OEIIEEREY A &
besI-D (4194) ZZFAK (Yu et al., 2011) <2, bril-116 B RAK & bzrl-1D;bril-116 (6742)
T EZZFR (Sunetal., 2010) D LLEE TR DM o 72 DEG O & el L T 72 g
BEH2 /% BES1 X° BZR1 (2 &% < OB FZ Ml L TWHW2RWO S LRy, LL7Z
RO MRS ERAT ORSR ORI IO R A BEMRITE & Vo o ER O
FEDBENEZEBRICAN, BEERATOLER DD, WT I X, EHEMD MR
DNERHToH 5 BEERIIS 1000 PA b OEASFZFIHT 2 2 &6 BEH2 [THEMIC
EVEBERIEBERFTHDLEFRTHILITTEDLTHA I,

X5z, MEFENR BT/ 5> BEH20X-mediated DEGs (BEH2 i FIF BLA D H
THREALHT LB T) OK 1/4 PEATREMRICE T 5 BRICVEEIZTFTHHZ &N
Bl & 2272 > 7= (Figure 15B) ., 2D Z &% BEH2 mRNA #28 BR ICL Wb 352 &
(Figure 8) <°. TEATD 45 (Rozhon et al., 2010; Yin et al., 2005) & 32, BEH2 7 BR v/
FTHARHICB W THET 2 WVWIZEX 2B LI/HTLH, LarLl, HicExbH L

L dRANA

i

BEH20X-mediated DEGs @ 3/4 1F & I3 B ARIFEMARIZ BT BL IZ L 5 #4
CHEZDZLENTEDL, ZOMEANE. BESISBZRlI THA L5, Hlz X, 1609 D
BES1 #ZHiEIs 1D 5 H 404 fHDO DS BR, besl-D. L < I1ZZF DI L - THIME S

NDEIFTHY (Yuetal, 2011) . 3410 D BZRI HEHE(A T D 5 5 2457 {1 BR #il1H
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EITERMRTH S (Sunetal, 2010) ., S 52 Yuetal. (2011) (X, BESIZHER D 9 B

B9 A7 C13 BR ALEE TEE YT besI-D 12 L > TOLEENTH S DIX. besl-D ZEHE 35|

N

S T RIS LI AR AR LTV, 2O LEBEICANT
b, —HOBIEFOHDN BRAUHOEEZZITLH L0 I FERIT, BEH2 &9
BES1/BZR1 7 7 X U —#AG K15 BR ¥ 7 FIREE & IFBIORMD > 7 F AR
DT TEZL L OB T OFBELHIE L TW D afREEEZ IR 2,

Nz T, 1131 {8® BEH20X-mediated DEGs ® 9 &, >3/ 157 {E D Z 7% BES]
X°> BZR1 OIEBE 1 THDHZ L LW LN/~ 7- (Figure 16) , Z DDV 72 X%
WERTOREN DB Z D L THRINDORERTH o7, TNE T, WRERIBE R &R
BESI/BZRI 7 7 X U —BGFOHMERERKIIF/BOLNA T RN NG [FH7 7 3
U —IZEWICTRVVERERN LR 2 H 325 £ & 2 b TE 72 (Chen et al., 2019b) ., BEH2
& BES1 X° BZR1 O CTHI@E T HIEARI 723D &V ) FHEICE L TE, W< o0
AREMEN B 2 Db, B, BEH2 (X BES1 X° BZRI LTk & < B HMREEFFD,
1, L < 1Z BEH2 O—&KIZH)IL BES1 X° BZRI & 1T K& < B 5100 &b Bkl A%
I DR A > b THEENTIRMEEZAT D, EWVWO XOIRBEXATHL, WTNDOEE
b, ZOBERNCH T D& 21 BESI/BZRI 7 7 2 U —#inTHx D& 572255 T /KHED
PERE DI 237272 < TUFR R B 7R,

GO/KEGG =V v F A > MENT OfERN G, BEH2 23K E < ZHOD AR
FH 0 AN LRI (stress response) & A K (photosynthesis) & RGBSR ZFFO Z L3
R S L7z (Figure 19, Table 5,6) . 2 DD H4:)% BL #, BL A O T CEILEIIRHE
SN Z LIFERITMET 28, ZOEWAZERT 2 OB R TIEZ bR,

ICHIR SN L OF/SLOF T, BR &2 ML R SRE . WA & 0%
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BAMRANEL Y o TV 5, B2 X, BRI DX b L ZREIT L TEICE <, £72
XA < Z & D3 HER STV D (De Vleesschauwer et al., 2012; Divi et al., 2010; Huot et
al., 2014; Nakashita et al., 2003) , ZOMK T H2H®ENH, BIETH A b L AR
% BR DML BAEIZEE > TV, —F, BRIZZrr 7 4 VOGEEHNT 5 &
HACFRUDONRE MR 5 2 & BARORBEEZHINT S 2 L &2E LT, AWK
RRBEFACICIEICEBAL TWD EE 2 BTV 5 (Siddiqui et al., 2018, Xia et al., 2009,
Yin et al., 2021) , L7223> T, A ZHE U TEFEN LT L7250 O LI%, BEH2
R 5K 2 kST 7o et 5 & LR 3 % & T, BR AT 5 2 b L RSB

BROIRIEIZ S D57 FREEOMAZENT 5 2 LI THAS I,
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Table 4. PCR primers used in this study

Name Locus Sequence ATY Experiment

5'- AGATTCAGAGCTCTTCAATGGCCGC -3’
BEH2 AT4G36780 67
5'- ATTTACCGGTTTTTCAGCATCTGGC -3’

5'- TACCTCTTCTTCTTCTCCCATCGC -3’
DWF4 AT3G50660 55
5'- CGAGAAACCCTAATAGGCAAACCG -3’

5- TTCCGCTCTTTCTTTCCAAGCTCA -3’
ACT2 AT3G18780 50
5'- AAGAGGCATCAATTCGATCACTCA -3’

GUS 5'- GTGCCAGGCAGTTTTAACGA -3’ 5o
i 5'- ATGCGTCACCACGGTGATAT -3’

semi qRT-PCR

5'- CCTCTAGATGATTCTTTCTGGATAAGTC -3’ .
BEH?2 promoter - 55 Construction of BEH2::GUS
5'- CCGGATCCAAGTCTTTGTCAGACTGGCGC -3’

5'- GGACGTCGACCAGAGATTCAGAGCTCTTCAATG -3’
BEH2 CDS - 60 Construction of 35S::BEH2:GFP
5'- GCCGCCATGGGGCATCTGGCTTTAGTGCCACCGA -3’

5'- GGACGGTACCGGTTGTTGGTTTTCCCGATG -3’
BZR1 CDS - 53 Construction of 35S::BZR1:GFP
5'- GCCGGGATCCACCACGAGCCTTCCCATTTCCA -3'

9 Annealing temperature (°C)
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Table 5. Summary of enrichment analysis for D-DEGs in WTD vs OXD.

source category term gene
GO:BP chemical stress 4 56
GO:BP salicylic acid related process 3 12
GO:BP systemic acquired resistance 2 7
GO:BP oxidative stress 2 11
GO:BP stimulus 1 94
GO:MF transcription 1 33
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Table 6. Summary of enrichment analysis for D-DEGs in WTB vs OXB.

source category term gene
GO:CC photosynthesis 7 8
GO:CC membrane 2 99
GO:CC plastoglobule 1 9
GO:BP photosynthesis 5 11
GO:BP photo-stress 2 7
GO:MF chlorophyll binding 1

GO:MF tetrapyrrole binding 1 18
KEGG photosynthesis — antenna proteins 1 6
KEGG sesquiterpenoid and triterpenoid biosynthesis 1 3
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Figure 11. Responsiveness of BEH?2 expression to different BR levels. BEH2::GUS plants were
used for all experiments in this figure. (A) 1-week-old (a—d) and 2-week-old (e-h) plants were
subjected to histochemical GUS staining. Photographs represent the whole seedlings (a, e),
cotyledons (b, f), true leaves (c, g), and roots (d, h). (B) Following 3 days treatment of 1 uM BL
or 0.1% DMSO, 17-day-old plants were subjected to biochemical GUS assay. The activity is
shown as a relative value (means = S.D) to that of the initial control (time zero) in the graph. (C)
Following 24 h treatment of 1 uM BL, 5 pM Brz or 0.1% DMSO, RNA prepared from the roots
and shoots of 15-day-old plants were subjected to semi qRT-PCR. In the graphs, relative
expression values (means = S.D) to that of the DMSO control calculated after normalization to
ACT? are presented. (D) 5-day-old seedlings were treated for the defined periods with 0.1- and 1-
uM BL or 5 uM Brz and then subjected to histochemical staining. Statistical analysis was
performed by Student’s t test (**p < 0.01) for (B) and by ANOVA with Dunnett’s test (*p < 0.05)
for (C). White bars in photographs (A, D) represent 1 mm.
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Figure 12. Effects of bikinin and besi/bzrl mutations on BEH2 expression. (A) 14-day-old
Arabidopsis WT (a; Col-0) and T-DNA insertion mutants for bes(b; SALK 098634, c;

SALK 091133) and bzr! (d; GK-857E04) were treated with either BL or bikinin for 4 and 24 h,
and subjected to semi qRT-PCR for evaluating BEH2 mRNA level. (B) 14-day-old seedlings
(three seedlings of each mutant) of the dominant mutants bes/-D and bzrI-1D were directly
subjected to semi qRT-PCR for evaluating mRNA levels of BEH2 (a, b) and DWF4 (c, d).
Presentation styles in the graphs follow those in Figure 11. Statistical analysis was performed by
ANOVA with Tukey’s test (p < 0.05).
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Figure 13. Subcellular localization of BEH2 protein. Plasmid DNA carrying either
358::BEH2:GFP, 35S::BZRI1:GFP or 35S5::GFP was biolistically bombarded into onion
epidermal tissues, and the tissues were cultured in dark for 1 day on 1/2 MS solidified medium
without (A) or with chemicals (B and C). Seven-day-old seedlings of Arabidopsis harboring
358::BEH2:GFP or 35S5::BZR1:GFP were cultured in continuous light for 1 day in 1/2 MS liquid
medium containing BL or Brz (D); next, the roots were excised for microscopic observation. The
onion peels and Arabidopsis roots producing BEH2:GFP proteins were stained with DAPI to
determine the position of nucleus (E). Red and white scalebars represent 100 and 300 pm,
respectively. White arrowheads in (E) indicate the position of DAPI signal in GFP expressing

cells.
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Figure 14. Fluctuation of BEH2 mRNA level by BL in WT and BEH?2 overexpressing plants. 14-
day-old Arabidopsis WT (Col-0) and BEH2? overexpressing plants (Col-0 background) were
treated with either BL or DMSO for 4 h and subjected to quantitative RT-PCR for evaluating
BEH2 mRNA level. Two sets of primers (5'-CGATGGCACCACTTATCGCA-3" / 5'-
GTGGTACGAAGGTGCAGGAC-3' and 5-GCCATCCAAGCTGTTCTCTC-3" / 5'-
CCCTCGTAGATTGGCACAGT-3") were used to amplify mRNAs of BEH2 and ACT2 as a
control, respectively. The primer set for BEH2 was designed to amplify both endogenous and
introduced BEH? genes. Presentation styles in the graphs follow those in Figure 11. Statistical
analysis was performed by ANOVA with Tukey’s test (p < 0.01).
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Figure 15. Transcriptome profiling of BEH2-regulated genes. (A) Pie charts indicating the
proportion of differentially expressed genes (DEGs) with |log2FC| >1 among the total genes
(15,670 and 16,242) used for comparison between WT and BEH20OX grown in the absence (WTD
vs OXD) or presence of BL (WTB vs OXB). Bar graphs presenting the ratio of DEGs with
different |log2FC| values. Note that approximately three-quarters of DEGs have [log2FC| <2. “Up”
and “down” mean upregulated and downregulated genes in BEH20X seedlings, respectively. (B)
Pie charts presenting the proportion of BR-responsive genes in upregulated DEGs (U-DEGs) and
downregulated DEGs (D-DEGs) in individual comparisons (WTD vs OXD, WTB vs OXB).
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Figure 16. BES1- and BZR1-targets in a pool of BEH20X-mediated DEGs. Venn diagram
shows the number and overlap of BES1- (Yu et al., 2011) and BZR1-target genes (Sun et al.,
2010) found in a pool of BEH20X-mediated DEGs (1131).
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Figure 17. DEGs found in comparison of WTD with WTB. Pie charts shows the number and
proportion of DEGs with |log2FC| >1 among the total genes (15893) used for comparison
between WT plants grown in the absence and presence of BL (WTD vs WTB).
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Figure 18. Heatmap comparison between BEH20X-mediated DEGs and BR-regulated genes.
The shared genes (171, 198, 128, and 188 for each pool) obtained by a paired comparison
between each of four pools of BEH20X-mediated DEGs (U-DEGs and D-DEGs in WTD vs
OXD; U-DEGs and D-DEGs in WTB vs OXB) and 15893 genes employed to select BR-
regulated DEGs in WTD vs WTB, were used to produce the heatmap using logFC value.
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Figure 19. GO and KEGG enrichment analysis of BEH20X-mediated DEGs. Enrichment
analysis conducted separately for U-DEGs (open bar) and D-DEGs (closed bar) in individual
comparisons (a, WTD vs OXD; b, WTB vs OXB). The terms were defined by adjusted p-value <
0.05 after multiple testing corrections using the default g:SCS algorithm. In the graphs, the
adjusted p-values (p_adj) of each term are shown in negative log 10 scale. GO, Gene Ontology;
KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, Biological Processes; CC, Cellular

Components; MF, Molecular Functions.
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Figure 20. BR-dependent phosphorylation status of BEH2:GFP fusion proteins. 14-day-old
35S::BEH2:GFP plants were cultured for 1 day in 1/2 MS liquid medium containing BL or Brz,

and then subjected to immunoblot analysis using anti-GFP antibody. Closed- and open arrowhead

showing the phosphorylated and dephosphorylated BEH2:GFP, respectively.
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OOHT AV —|ZHFHIND, ARETIE, b0 RICKESE BEH AER 7O (£

Y BEREIC OW CTHEHEEOEW 3 I HOWTELRT S,

1)

2)

3)

4)

PR BRI DFEL : 4 D0 BEHARER V%3, 2CD BESI/BZRI 7 7 X U —if
LA IE 14 BEEBONT ORI B W THIEH LTz (Figure 4) . 72, 6 #1{s
TORBUL, REMAEINCH LB (EF 1, 20HH) &L T, AR
WZHDHEFEHM(EF 3. 4HA) TEVMEANA ST,

BN RAOREEL | (BYEKYE) 1 6 >0 BESI/BZRI 7 7 2 U —&En X, HEL
BTOHRE THEIL TV, ENENOWREICEIT 2 RBLESRIL N Z —
B F LI RE S B> Tz (Figure 6) o

ERAL AR RAD TR B 2 (REARAKYE)  GUS LAR— & —Z& W T=fi##r >0, BEH4 & BEH?
DR BIERUTRRAKE TR ER D Z LR LN/ 572, BEH4 DRBLIIMER
MBI CTH Y, AIFREZE LTI E A EORE ORKTHREL L TV (Figure 9) .
—Ji. BEH2 O¥BUL, MMBOKETIREN - HREOTH Y, B, KLEE
D 7= BED JEi%ER TR < FEHL L T 7z (Figure 11) o

ARV ISEME © 4 D BEH AT 7 %Gt BESI/BZRI 7 7 X U —DEHMIA
T, AEICHWTZ TR LVE Y (BR ZR) OB ERELS 2T DH T Lid 0
~7, —J. BR (&M BL) 1X. BEH2 MO\ BEHI ODREBRZAZITIKT S48,

BESI1 DFEHL AL S ¥ 7= (Figure 7) , BEH2 O38L% BEHI & Mk L CRuR
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5)

6)

MOREMKT LIz, F72. Brz I BEH2 OFRBLZBIN 7223, BEHI OFBLZ
TR Lo l,
BEH4 OFBIREA : EaRDi@ Y . BEH4 ORBUIMERMER & B2 D=, —
DAL TITFFRA 2B H GO T, BT, EORMIIZISWTIETE
BEIZRE D &3 BEH4 OFBUIFLAMIE & 2 O 0 OB A MR 5Tz
(Figure 9D), AN X T, BEH4 OIEBLIFE 15 FIRF0Z T < FAE DL ORI
12224k L 7= (Figure 9C)
BEH?2 OF&BLHIE & OBEBEIZ D\ C : BL IZ & % BEH2 FBLo> T 7l iz 5k
THIE D Z L. F£72, BIN2 51 ASK ¥ —+F & BESI + BZR1 #z5[K1-
HAERL S5 IES (canonical) @ BR ¥ 7 MREREE O XL FICE Z 5 Z L3
BT o 72 (Figure 11, 12) ., Z OHI T BZR1 2k~ C BES1 #5515 BEH2
ORBUETICHT 2 HFEERE WV & B3P 5 5272 - 7= (Figure 12) , £ 72,
BEH2:GFP filly % > /327 E X BL X° Brz OLHIZE DL LT, WICKICFEELE
(Figure 13), S 51T, RNA-seq DT — ¥ ZH\ 72 GO/KEGG =V w F A o MiFHT
TIX, BEH2 O BEIFHBIZ L V. A b L AJEZ (stress response) & A ik
(photosynthesis) (247~ 584 GO term A3 EAE S 4172 (Figure 19, Table 5,6) , Z @

FERIIBEH2 B2 OABBRRICED S Z L2 RIET 5,

BES1/BZR1 7 7 X U — R DORERERI LR & BRI D AR (W7 2 U —1~3)

NI

BR ¥ 7 /UBRER I N OB EL O BOGSETE OFEFEME (robustness) (ZARE 0 7 4

FICL o TERIND EBZZBILTWS, BlZ21X BR 5K (Cafio-Delgado et al.,

2004; BRII, BRL1, BRL3) . #:5%{K (Ma et al., 2016; SERK1, SERK3/BAK1, SERK4,
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SERKS5) . % LT GSK3 437 — (Vert & Chory, 2006; BIN2, ASK1, ASK() 72 £ T 5.,
BESI & BZR1 & 4 20 BEH K€ 1 7 & 452 BRIZIE UG HIfH Offe S22 R L T
WHEBZ LD, FEFRICES S, BESI & BZRI OEREXRETRIOLE IR TH D besl
(SALK 098634, SALK _091133) & bzrl (GK-857E04) IZBJ 5, EF =% BL 2k %
BEH2 mRNA OV X AR IR & RIFLE Th D 2 & e L7z (Figure 12A) , =
I WV o BT R RERY TR (BB ETTEM) ST, 72 & 2o
KT AEE L CTHY 7T O 285 Z LN TEHDT, BR DX D RNHAFILVE
YDV T FIAREDOEIRVE A HERF T 2 72 OITIT AR 2t & 72 %, BESI/BZRI 7 7
U —&fa ORI EVICH D BREER > T, 202 L%, BESI/BZRlI 7 7
R —Z R EREOEWFFEME (Zhao et al., 2002) &3, FEHEALCRE B &
A D 2 & TEHITHENTIREEZEHO TWVDHD0E LRy, LNLARRb,
FaHICHB T DRBURENK 7 Z LT 5 2 & X°, BEH4 - BEH? THER S T2 #1R
THREERA 2B BUEAUL. BESI/BZRI 7 7 X U — Tk < BI7-HERE (4 FH8RE) 245 =

ZINZ T, Al % DR T AEE KESH AR, 8o ISR E TR Z 80

A D& THIBNFA « EA DAL FABRELZ I L TW\D Z L 2RRT 5,

BEH4 & BEH2 DE % 5 24ABMEE (W T TV —3 L 5)
Seikoi@ v . BES1/BZR1 7 7 X U — KPR ORETCEME O . KT %~ DK

BHOMREZEET D Z SITIIRENE S, Lo, ZEA7Z2 3 BM#4T1X BEH4 & BEH2 O

i1y

AAPERE A HENIT 2 8 o &2 5 X T N2, BEH4 DFRBLUL, B /KETIIHLNTH
STIZH b BT, MEKETIIRICRHFREN T -7z, Hl2IX., EORECHE B

M a7, FLIMAE TR < 388 L Tz (Figure 9D) . F 7=, FLIIHHIZIZBERE L T
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LEAMBTHIEL TV, Z 6 LSO FLIIME & 82 L T Ze WA il in Tl
REL TRz, MATEHETIE, LM & 3B L TRV RS 2RI T
REL Tz, DS filaidsZ b KIORERME, bbbk
IZH LM TH D EHLES NIz, 2D &b, BEH4 X, NTAF—E U IO
9 LT, [RILOBHGBRCRARIL T b kB 2 1= L g sz, 7.
BEH4 133 FEZEDOFETIRZ L A ERBLL TV o)y, FEf &8 - TIRZ F4h
(ZFEERIR TR 72 o 7= (Figure 9C) Z &b, EAEDHENILZ OO
R TR EZ R T B bND, —J, BEH2 DFBUL, REFHRCKILEZET
HE D JEATRERIZ BRE S CU/2 (Figure 11A) Z & 235, BEH2 & 25 O#FS Tl = 28
REL OBIEMENE 2 DD, F£72. GOKEGG =V v TF A2 M#ENT D, BEH2 & A
N AR, OB A RO BN O 73 5 72 (TableS, Table6) , HRAMFHEEISE %
EOTTEBAEME DI 22— a D THDL I L0, KILCHEEREZEL TH
HREOMEMRAT D & DA (Melotto et al., 2008) 725, BEH2 28 A b L A& (2 B
T5 L0 ) FERITREREED, WPt L, FRROMEOEBE -T2

FERDOWITE 2 FF T2 5720,

BEH2 DOEEREFHRET (W7 2V —4 L 6)

BR ¥ 7 VGRIEREE Tt TE) < R FK 7 CTh 5 BES1 & BZRI X, EIZ¥
VR EIRMEDIERMIZ LD S FHEREDSIEI S D Z E I BTV D (Gampala et al.,
2007; He et al., 2002; Ryu et al., 2010; Vert & Chory, 2006) , % z1%. U VELDE AW
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BEDOHIfE 2521 5, Yinetal. (2005) /X BEH2 A BLIZ K WY VLT 52 &L 28E L

78



TWH2, EHFEH BEH2 ¥ L8V EO BLIZL DMLY V(b & Brz i k5 U Vb % f
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T BEH23EBLO T HHIENIEAE Ch o7, £, ZOTHHIEIL, [EHR (canonical) D
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#7° BR BB s -2 W BB EICHNT 2 Z Enfifr s s,

82



% 6% Summary

Brassinosteroids (BRs) are a class of growth promoting phytohormones, but they are
also involved in response to various abiotic and biotic stressors and often confer stress tolerance
to numerous crops, leading to the yield increase and market values as well, even in hostile
environments. However, BRs have not yet been officially registered as plant growth regulators in
Japan. BR action mechanisms, especially for BR signal transduction must be elucidated to utilize
their functions effectively in agriculture.

BES1/BZR1 transcription factors are indispensable transcription factors acting in BR
signaling pathway and construct a small family with four other BES1/BZR1 homologs (BEH) in
Arabidopsis. This author molecularly characterized BEH proteins (and genes) to further elucidate
the mechanisms underlying BR signaling and made the following findings. First, the author found
that the expression of the four BEH genes were distinct with each other, regarding growth-stage
dependence and organ specificity but exhibited some overlaps as well. Furthermore, their mRNA
levels mostly remained unchanged responding to seven non-BR phytohormones. However, BEH
and BEH2 were downregulated by BL, suggesting a close association with the BR function.
Additionally, BEH4 was ubiquitously expressed throughout the life of the plant but displayed
some expression preference. For instance, BEH4 expression was limited to guard cells and the
adjacent pavement cells in the leaf epidermis and was induced during growth progression in very
young seedlings, suggesting that BEH4 is specifically regulated in certain contexts, although it is
almost constitutively controlled. Moreover, the author proceeded the research on BEH?2 that was

downregulated by BL, and made the following findings. BEH2 was expressed preferentially in
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the roots and leaf margins including serrations, which was quite different from another member
BEH4, and that BRs downregulated BEH?2 through a module containing GSK3-like kinases and
BES1/BZR1 TFs, among which BES1, rather than BZR1, contributed to this process. In addition,
BEH2 consistently existed in the nucleus, suggesting that its subcellular localization is not under
BR-dependent nuclear-cytoplasmic shuttling control. Furthermore, gene ontology analysis on
RNA-seq data indicated that BEH2 may be implicated in stress response and photosynthesis.
These findings might assist in the future elucidation of the molecular mechanisms
underlying BR signaling, and hopefully help the future application of BRs to agriculture through
their registration as plant growth regulators as well as the usage of BR-related genes in crop

breeding.
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