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T RMBRENIEESEBRNEFENN
IR RRESR

XY, BaRS, kT
YRR R, WK E SENE N HE R, H 8 266237, 2L KA Rk, Hill 310058
Seh [ RFE R 5 R B AR BB, WIS Y (o TR E R N 5, dba 100101

BHE  H20HL60FEMR SR, FEFTRERht-B1bMRt-D1b i F ] & 23 5 7 /N (Triticum aestivum) i {5144 B8 77 Al
IR, AR NEBRT —F, IR TRLELR “GEFEH” . Rht-BloFRht-D1bgs i54E 44 K | K 1
DELLAKH, RFHEE(GA)ESHESREHIAER T . DELLAK A/ BHNHI40H 5> 2 MK, SBUR LR, Fir
WG A HF R AR A SE, FECEBRR IR ER S AR N BRI R = W] IR AR 2 LRk
g TR E R, ik, B ER KRR BRI T A &R AN E R R 2B F 7 SRS, E
I 7R A R A S R YR (BR) (S 5 58 B A O EE T 5 AT SE BB AT R s AN R B . iRV e I R T AN H N
R T FORL E A AR MR A7 5 (QTL), ZQTLAEHT597 FAFAE L4500 Kblfir-e-z K A BLit sk, @ HERht-BLb 5 K #1144
TBRING E3VZ ZIEEMIZnF-BE K . BFF0 K, ZnF-B&E A 5HSE R WS 5 2 A% R 7 TaBKILE EAEH, %%
TaBKILPEfE, MIMMEHBRIE 55 T . ZnF-BHEIR SFEUN R R ABLE LK, Fm/N =58, ZnF-BLAIRht-B1bXL i E
PRIk AR, RN AT R e . S AR R T BRI 55 SR 0F LS, 17 HAR B T @i W EGAM
BRWE 5 5 5 FHLHI SLHLA M vl FR 4L R SR 8 Flopiokms, BN EH—% “aEHEa”

XEiE L, SOEda, e, SER, HESENE
HHAX, &%, AR (2023). /RERMMAER NS TEMBUERZE N - “SO%Ea” . YR 58,

194-198.

H 20t ZZ60FARLIK, “arthiian” PR RAE
Wit A B RORR T AR T A R e 7 e S5 181
R” Z I BF &, $e T ARAEY ISk s Fop ™ &
S Tt SR Y RN PR R T SR AR B
HL(Khush, 1999; Pingali, 2012). £, “Z4fi
fir 7 IR E ol i A P R 77 % 3 (gibbe-
rellin, GA)AEY)& BAE 57 3R SEH(Liu et al.,
2022). 7/K#%(Oryza sativa) i) - &1 2 [ SD1 (SEMI-
DWARFING1) %4 i3 GA & i GA-200x2, %3k K R
A FEGAE HZ I, YK AN K7 DELLAR A
HR, I AKREA A, M7 AR 2 AT 3 Y (Sasaki
et al., 2002; Spielmeyer et al., 2002). Ifi/NZ
(Triticum aestivum) {1 =554 & Fi = ZH FH GA(E 5
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S et O AL S Rht-1, %A A 24 B AL
A S 77 A2 N 4% 44 A Rht-B1b f1Rht-D1b, 13 3 H: %%
T RAZDELLASE H IR KRN RS E, A iR, M
1M X5 GAAS B, 72 A2 2 3% FF 1 IR (Peng et al.,
1999).

IKFERI /N I AT i 7 b Pk e BRI LR M
H8 5, [R] A I 2 Pt e TR M A K R e U I R
155 AR RS ER BE S0 B LU ENEA H RCRAK )
#izum(Li et al.,, 2018; Wu et al., 2020; Liu et al.,
2022). A T IKFERI/NE B, RIRAEA i
IR EAAE . XA IG Il A 7= A, & F B
TH5, gl LA FIK AR S S RS — RIS ]
e TSR, KRR RS EUEA R AR AN AR I
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PN AR AT IS RV E KR . KRB A KA F
GRF4 (GROWTH-REGULATING FACTOR 4) 5
GIF1 (GRF-INTERACTING FACTOR 1)#HH. 454,
WO T U R R RIA R A T oA G R R (1 SRk
WA 1E A EA, EmRdEEAERKEE.
DELLAZE AI#IGRF4A5GIF1HI4E &, XI5 GRF4%%
SO e ), #E FEARANE R 2 (LD et al.,
2018). M B i1 K FNGRS5 (NITROGEN-MEDIA-
TED TILLER GROWTH RESPONSE 5) 1] 47 3%
PRC2HEEHIE G4k, 4% Tl sr BEf hl B R H & B
B B R R IE, BRI KFE S BE . GARI H 2
AGIDL{E HENGRS & H B& i, 3 B M AL 21K
S BRAIG, 2 T Y i B e R P 2 SR e VS %« TIDELLA
HEHS5NGRSEE, 3e 4454 GID, Jk3INGR5M
fit(Wu et al., 2020). X SR FL R B, KR4k
B R AR AR 0L, @ i 77 1% GRF4 A
NGRS 57 55 7 JE K, TR 982> BB NI [ B 42
BUKFERUNE =&, SRl DN 2R R
WEE” WIE R E bR A0 H TN 22 bk s A EUIE AR H Rk
Z RN RAB AL v AN BB, i = TR 428 2 m 28OR FH 1
FFANE B AL TR R A S A AR 2 R, 5 5 T I
“oph gy BB R S AL S AR, N
PRI R B E e R R B R R

T3 & A i (brassinosteroids, BRs)/&ZH#E1EY)
PR ) — BEEDEER, HEBEEE S SR
W B S BAEYE Ak (Tong and Chu, 2018). W77 % B,
GAfE 5 &4 K4 U fFDELLA B W] HL#% 5BR
G5 IE L S N T BZRIM HAEH, #IiHBZRLM
SV [FR, BRIBIEBZRUE #EGA S Bl FE K (1) %
ik, - FDELLAE HFEME, FEBONBZRLAHIHI1EH,
M HEE Y42 K (Bai et al.,, 2012; Gallego-Bart-
olome et al., 2012; Li et al.,, 2012; Tong et al.,
2014). REGAKE M SE 5K FAHIER T Z M
H T3 & A&~ Eamfh, HBRAE MAIE 55
TAH IR BT R R 15 B F B (A A R,
% 5 RGIRN I T

e [ A R 2 A5 rh AR [ BN IS T/ 22 2% ol
e B RN P e OB R 2, RN B R B M
a7 — RYVEES R &L, %
HIBNTE/INSE “ SRt iy ” i ke DR 42 408 A0 B A1) A AT 7

MEL/S 7 B E ik E (Song et al., 2023). fibfi1LAA
A185FNHT597 AR AR AL B AR, K145
ik v AN TR ) 1 QT LB AL AE /N &2 AB YLt fk I,
i B AL v B AT A L XS, i e AR B9 7 HAEAE 1A
21500 kbR B gk, I6ds Han & hr-e-zfr B A
Iy Hrr-e-z G AR BN N 2 R VIR 2w, BTN
DRI I 25 SRR 2 [ AE A JE 1 2 B A R U A
HN&R, MEAEre-z i BHINIL-Shifl R &4 1% B
NIL-Heng. #f 78 K I, 24T 25 R R PR = AHIE, 2
NIL-Heng % 3t BN AR 53 (R Z IR, B HG AR 5
%5 ZEATHDH: | e B8R . AU, TRIE RGN, I
AABENRIER R HE &SR, ik
JEE I R A 5 FE R, NIL-Heng ¥ 26 30 H! 58 = 1 U
I & AR TR 2, T3 ERNIL-Shi s hn £
12%. 4k, NIL-Shife Kk FH AR 2 H BB 31 Ek I &,
T NIL-Heng B A 7 = 2 FE PR 10 475 0 1 A & 345
fRo BRGEREY, r-e-zf Be I AE4EFE 1B FT 1 [H]
B E B T /N M ENER R, 8T =
Ho

TEr-e-z v B L 2 34 i B AR ST 1) 2 I Rht-B1
EamA-BFIZnF-B. 43 #r H Al A~ 5 K 0 i 45 r-e-z
BRI RR AR T-hi A £ 5Tk, AR R
JH 5 IR 2 i 4 R AE /N 22 Fielder b b 20 Sl K9 73X 3
AR AR BR M R (Song et al., 2023). Fielder 2 5
NIL-Shi — # i B 5 & &, fE4B Rt fk &
Rht-B1. EamA-BF1ZnF-B=/ %K. 5Fielderxs
HLL, BRRNt-B1 (rhtl-bb) SN E#k &t in14.22
cm, TR EEMN5E.59 g; @FRZnF-B (znf-bb)ff 13 /)
# bk PR 8.4 cm, T ki E kb 1.74 g; 1 R BR
EamA-B (eama-bb)si /N3 (1 i ATk 55 6 B 2.5
M, IXEEEERI | fEr-e-z i Bed ok /N g, ZnF-B
R 2 AT 5 S0Pk e AT B BRI A R 2, E e ALK G B
B, T Rht-BLbi kL NN bR . RO
THRLE, WG KD, FNFEFRERM-BLAIZNF-BR I
H SFielderZS itk m, HREHK . FPRLK TR H
SERI. Bk, 5kZnF-BAA 5Rht- VALK EFT
PR, EDGHAEE & A ATk (1) 680N /N T-Rht-B1b
MRht-D1b, BAEEEM BN “RAfda”
REHEMERE .

BT ZnF 45 /0 22 Bk AT KL EL I 4 T HLEE,
WEFN 0t R R bk T ZnFAEZERIHA. By D IIRITE
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B, #E T znf-aabbdd AR . 1 IEARR IR =
FEAC AR RE PR B AN T-H S 35 B Fielder i 2%
Bk Bl %0 M ioR, BRA Bt K TaDWF4 A
TaBRD2V\ & BRE 5 35 K TaBRI1. TaTUD1.
TaRAVL1. TaDLT#1TaBZR17Eznf-aabbdd7E 4 {4 1
FIREEY LT, BRE &=l & L7~, Fielder5
znf-aabbdd 7R A8 f4 o P I BR & & I 06 2 35 22 7 .

B4k, znf-aabbdd 22 AR AR 2R 5 AR, RIS
BRAMVHUR . ixte2E R, ZnF 2 — A BRESH 1
1E %K 7 (Song et al., 2023).

AR, BRIE 57 St et gk - FEAE Y14 BR
TR, BRZABRILY /A1 H ¥ BKILZ &, #l
HIBRILIE M, PHWBRIE S UHEMAENBRE R
Ty, BREEAL T B )2 R BRILAIIE 52 A BAK L

i rht1-bb i rht1-bb GA signaling A i znf-bb i
| GA signaling A i znf-bb BR signaling | i BR signaling E
i GA ElR { GA BR Y BR
. . - s
L o %ﬂekn . . gma!{n |
. ep1 @ Bed et O (B . et O [Bi] ;
! : L L g
RhtB1 (BzrRY | RheB1 (BzrRY { (Rht-B1 (BzRY
; l i N ;
| : i I N |
i i P S :
i (GRF4EE (Bzr1 ; (GRF4)E (Bzr1 ; (GRF4EE (BzrR1) E E
i Plant height A i Plant height i Plant height y i
i Grain width/length 4 i Grain width/length 4 i Grain width/length ¥ .
E Nitrogen usageA i Nitrogen usage A i Nitrogen usage E

Bl “&fd” HEEBERM-B1-ZnFiE /N REIER 2R R E K

Rht-B12& 755 % (GA)E 5@ IR K7, GAZ &2 KGID1)E 15 FRht-B1E H FFf#, fiRFRRht-BLX %35+ GRF4FBZRLH)
WIVER, AT Ik & e B i TR AN IR 22 . ZnFRIMSE R W (BR)E Sl I IE RIS K 7, BRZ & Z4BRILE {2 ZnF
5BRESH R MMER TBKILG &, Z Rm W (R BKILIEME, MERBKILXABRILIHIHIEM, k(55 gmEE, HEmsuE kR
TBZR1, Mt hntki, e TRE. HMEMRR-BL (rhtl-bb)#iEGAE S, SHUNEMkE . TR E MEAEF R, sl
RBRZNF (znf-bb)#HIBRIG 5, SEMm AT KL HE K, RN AFERRM-BLRIZAF, /NEHREAAE, (H-TR I EER R .
Rht-B1-ZnFEEFBHCAH —4 “SREEG” M mAE Mgt 7 A MR AN E IR FE TR SR HT R s B 3, B
B SRR AR FIHL SIS0 B IR, TR SR 3R B B RS 1, T2Y R 4207 LR L 00 1) 266 181 v 1

Figure 1 Schematic diagram of the “Green Revolution” Rht-B1-ZnF gene module regulating wheat important agronomic traits
Rht-B1, a negative regulator of gibberellin (GA) signaling pathway, physically interacts with transcription factors GRF4 and BZR1
to inhibit their DNA binding ability. GA binding to the soluble receptor GID1 induces the degradation of Rht-B1, and releases the
repression of Rht-B1 on GRF4 and BZR1, thereby promoting wheat height, 1000-grain weight and nitrogen use efficiency. ZnF is
a positive regulator of brassinosteroid (BR) signaling pathway. BR binding to BRI1 promotes the binding ability of ZnF to BKI1,
which directly associates with BRI1 to inhibit BRI1 activity. ZnF promotes BKI1 degradation to activate BRI1 and BR signaling,
thereby promoting plant height and 1000-grain weight. Rht-B1 deletion (rhtl-bb) activated GA signaling, and resulted in the
dramatically increased in plant height, 1000-grain weight and nitrogen use efficiency, whereas ZnF-B deletion (znf-bb) inhibited
BR signaling, and led to the reduced plant height and 1000-grain weight. The rht1l-bb/znf-bb double mutant did not change the
plant height but increased grain yield and nitrogen use efficiency. The “Green Revolution” Rht-B1-ZnF gene module can be used
to next generation breeding which aims to crops with high yield and high nitrogen use efficiency. The solid-line arrow indicates
activation of the target gene; the dashed-line arrow represents activation of the target gene by an unknown mechanism; the
T-shaped solid line indicates inhibition of target gene activity; the T-shaped dashed line represents inhibition of gene activity by
an unknown mechanism.
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BTSN, fil R AT 5, HIHIRE R & A R BIN2,
TR E S K T BZRINIBES i % A £ R il 3k 1 %
ik, MMEEE YL KK E (Han et al., 2023). ZnF
1N HAG TR A M RING E3iZ RIEHEN .
NAEATZNFTE R E i i BRI 5 T, MR
R T ZnF 5 /N EBRG 5 S & 2 ki oo 1
TaBRI1. TaBAK1LL & TaBKILH EAEH . 45 R ER,
ZnF4F i 5 TaBRILFI TaBKILAH HAEH, HAH
TaBAKLH H.{E - BRAHEAEH 35 ZnF 5 TaBKIL K &5
&, HIRI5ZnF 5 TaBRILZE & . fETaBRILFLERT,
ZnF5TaBKIL M 45 &g St om . 2 — S5 K,
ZnF7E 40 i 53 B8 b 5 57 HhvZ R AL TaBKIL, I {2 i
TaBKI1[#fiE . XeL45 RELH, BRI TaBRILIE 54
ZnF 5 TaBKI1H 45 &, 5T TaBKIL#E iz % 1L % fif
fift bk TaBKIL X TaBRILI A £ H, 1T {2 12 BRIE
S#:5(Song et al., 2023).

F 78N 57006 A ERVE L P4 11556473 71N 22 b idE 47 43
BT, RIACH 124 o B /N2 5 Fh B r-e-z Jy Bk 2k
MR R Y, HAX 26 SR O RN Z R R, T
or 25 1A N AR = AR A AS BE B A A R MR . BN
T A r-e-z Jr Bk R B AR AR B IR N S Erwa s
CORE AT BT R A K 4803458, FHFIH A
FARLHARIE G H A r-e-z A BUl ok s A (144
Mh AR AN oK, X446 &R B B T R e
iR B 9O 26.84%—15.25%. IR 7T 45 LR,
r-e-zi k2 —AH “aREE M R RS, A
IR RRRAR mE B A 3 — D m /N = B i )
(Song et al., 2023),

2T TR /N 22 Ty R s R ZEF 9 1 B Kt g 2
—, MUK E BIBRIE 5 5 5 &4 1/ 1) R Bt oo i
ZnF, 1 Hit— 583 7 BRIE S SN R
T B R RA-BLEE GAS 5 Rl B ZnFHl | BR{E
5ok B IRl N 2 MR AR RL R B 4 T RLEL i —
AR T i X E 5 GAMBRAE 5 8 S ML k%
BN BRI AT N R B R S, Bh ¥ —
“optadidy” , MRS ER R BT T NS
Eehb(E1).
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Coordinated Regulation of Gibberellin and Brassinosteroid
Signalings Drives Toward a Sustainable “Green Revolution” by
Breeding the New Generation of High-yield Wheat
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310058, China; *State Key Laboratory of Plant Cell and Chromosome Engineering, Institute of Genetics and
Developmental Biology, Chinese Academy of Sciences, Beijing 100101, China

Abstract Since the 1960s, the utilization of semi-dwarfing genes Rht-B1b and Rht-D1b has significantly improved the
lodging resistance and harvest index of wheat (Triticum aestivum), leading to a doubling of global wheat production and
triggering the “Green Revolution” in agriculture. Rht-B1b and Rht-D1b encode plant growth-inhibiting factors, DELLA
proteins, which are negative regulatory factors in the gibberellin (GA) signaling pathway. Accumulation of DELLA proteins
not only inhibits cell division and elongation, leading to a dwarf phenotype, but also suppresses photosynthesis and ni-
trogen use efficiency, resulting in semi-dwarf varieties requiring higher fertilizer inputs to achieve high yields. Addressing
the challenge of “reducing fertilizer inputs while increasing efficiency” is a crucial issue for achieving green and low-carbon
agriculture. Recently, Zhongfu Ni and his colleagues from China Agricultural University identified a novel “semi-dwarfing”
regulatory module with potential breeding applications and demonstrated that reducing brassinosteroid (BR) signaling
could enhance grain yield of wheat “Green Revolution” varieties (GRVSs). They isolated and characterized a major QTL
responsible for plant height and 1000-grain weight in wheat. Positional cloning and functional analysis revealed that this
QTL was associated with a ~500 kb fragment deletion in the Heng597 genome, designated as r-e-z, which contains
Rht-B1 and ZnF-B (encoding a RING E3 ligase). ZnF-B was found to positively regulate BR signaling by triggering the
degradation of BR signaling repressor BRI1 Kinase Inhibitor (TaBKI1). Further experiments showed that deletion of ZnF-B
not only caused the semi-dwarf phenotypes in the absence of Rht-B1b and Rht-D1b alleles, but also enhanced grain yield
at low nitrogen fertilization levels. Thus, manipulation of GA and BR signaling provides a new breeding strategy to improve
grain yield and nitrogen use efficiency of wheat GRVs without affecting beneficial semi-dwarfism, which will drive toward a
new “Green Revolution” in wheat.

Key words wheat, Green Revolution, plant height, gibberellin, brassinosteroid
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