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Figure 1 (Color online) Drought stress responses and regulatory mechanisms in crops. Physiological responses of crops to drought stress involve
changes in phytohormone signaling, stomatal aperture, root architecture, water loss rate, photosynthetic rate, osmotic adjustment and ROS scavenging.
Expression of crop drought-responsive genes is modulated via transcriptional regulation, post-translational regulation, and epigenetic regulation

PO Sk FEOsGLI-2M"Y . DHSM™ . OsMYB60'"IE

PR AT Y AR, PR KRR . FEROK
W, ZmFDL1/MYB94" ZmEREB46[”’]$‘l]ZmSRL5“7Ji’>J
TR 2 R T AR R, B IR P R
FEK/INAE TaSHN 188 13 16 110 3 Hg 0 I b Ay o b 55
FEACIT i S AL B FARKOR, PR/ N TR, AR
AL B RS S L TS B E Y s 8 1
HHK . KFFOsEPFIM . 0sPIL15Y | Os-
NACI®Y | HDA704P G845 < LT B 2 i K R 5
P, ULEROsFTL4PHE IS FLCH i . BHIRRILSE,
HESROK AR ) KR ZmIRX 1S AP AL,
ZmCPK4™ | ZmPP84%% | ZmDnaJ? " F1ZmSLACI*® 4y
SELLAE, BT KMPURYE. N TaDREB2M Ta-
DREB3iE id (R AALE AL T ). TOR(target of
rapamycin){i 51 i HH 9 Ta TIP4 138 12 fi2 2 13t 7% 2 (ab-
scisic acid, ABA)M MR FLICH IE [ P84 /N 2 i 5
PECOL KRG A SAL TR A RE 359, 3 — A B
AR K P8, 33 Rk K S DREBIAW] LA i
HYCYEZ S E T, SR 2450, I i maE i
ok, kG R
1.12 RELF

bR T b SRR L, T RFERSE YR R

3150

KEMRARTE . WK REEYE ., RFHYER.
SRR MARKH FIAR B B SRR R AR bt T

TIPSR RE 102 R TAL . 43I/
YR Z | IREZ | RBERAF T I

WIZ K0435 KREDRO AT A K R AEARR A
SRR, SRR &R RS Y, KRR, R
KBTI/ N B i DRO TR B[R] RE 42 2 A K
FARE. RoLeliEiiLﬁOsAGAPEVE%WE%EPEJ&%E’J
Wetkis i, PR AR R LT S5
PEBYL OsABA8ox2 3 i ABACI S M R AW =,
T OsERF71™ . OsNACS™ . OsNACY™H10s-
NACIO™ R B A%, $ KRG Rk, MYBS% s [H T
RRSTMUA MR 28 K B FNAR 3 3, Risie I 2 e /K A
it 5. EKRZmCIPK 157872 B K A AR RE, {2
HE T K i 38 PR BE A R L0 A K A e SR R
ZmRSA3. 11 ZmRSA3. 2V R AR 7332 Je ff1 /N, feik
T SRR AT Zm CIPK M HEFh A 0 K B 52
Wi F KB H RS, ZmyPPIfE R R R, HEnMmIAR
BH, AR KRGS ZmLRTHERIE AR % H 1
K, #m Bk i 2R Zmbzip4B
ZmPTF 125 i 38 i EAR KR . AR %L H UL X ABAS
W, FER KRBT, R ZmHB7 708 R TR i



ISk

IIAR SR, SCmAR R AR, AT R R
ZmTIP e AR B AR KA ok DY, /NELRD
PR AR BN AR 25 B2, $ I LRDFE = /N2 X 7K 4 By
I EIIERERY. OPRIIBEN fii /N MR K., OPRIIT)
REDRIC A 248 /N AR ELAT TR A D AR DO,
113 KatEA

HEVEHRAEY A K AT WO AR, X+
Fpa e U TREPHa R, LS E RS EUR
[AICOL MR FERRAIR,  REMAS S COMMIETE, Jaf s
i, BEE T 5, A B LR A BRI Z 20
il SRR, SR AR SRR, SR iR, XF
DL (33t sl b NI BTN 08 -1 SRR o RSN 7/ STE RN N
OsPHPIL B WM RZVOE NI, G E1ERRCE
REARIOL iR Ca I B 11 HEFH OsSYT-SH R T Ak
HF K FERDCA B FK R, fEdE KRR
T B B~ 5) Os3BGlu6TTE ABATER,
PRI AR R T M, AR RN SRk
ZmDnaJfe T8 T ASLKM], BEE F R A
RAILRER B i, AERRAE A AR AN R A A RS, B
TR, Rk AR, S5 B S/ ALH
P2 R Ay RIS ) 1O EAEH.
114 BEWE B E B

BT R A0 M 1o 3 S AR R IR A
AL, S A B, FRRANs B,
5 A1 BRI K PR K, DAIE I AR SR IK 43 30 R AL
HOH BB R E A PRI — A A
LT, GIMZRR . SIS . PIVsPEER . Al b
(RERE . W), 2 AN A LA AU Na FIK 550
ML . ARG B A LS TR it 592808 11 1Y) G4
RIZ. T8 T, FE 40 -p A 2K A 16 4 48 (reac-
tive oxygen species, ROS). ROSH LIVE N {55 F ol sh
RS 5055 SR, R RILCH Y, B
i Z FROSE1E AL INE, FEURENE . &EH. &
ik AR Al 20 i 20 4 B 7 ER A5 455 1003 A D B
ROSIPRFHLE 0 MBI FAERRIE 2. BHE R AR E
FE A ALY Ak il (superoxide dismutase, SOD). %
LY (peroxidase, POD). i % fb. & (catalase, CAT)
AR I BR 13 S AL Wil (ascorbate peroxidase, APX)%.
RS HUAAA R B EEPUIR AR . S BEH K. S EFn
B R, R RSB E R R b e L =AY i
REEHLH]. OsPSCS T FOsTPS 1 43 51 Fi i il 2
PR RN S bs A 5 OGS, T2 Wha T, iRk

PN R 43 S s T /KR B I o s RIS AR
i, JEEUKREPUR . T F R KREOsRab 78 E AR R B
SR O, AR S S AP ERG T, R A
HIN ¥ (malondialdehyde, MDA)/KF, fEEEFE K
FERFPRL R FIHT R AE Y. OsLEA5SS: 5 ABAE S 3t
FALE AR, TEPUE LI RN FIGE, fE KA
T EFER a4 OsLG34w S ERF (ethylene re-
sponsive factor)Z&4% s K7, it delds T Weh e AL i A
KR FIL, RIFROSTHRE, e KRR
ZmGLKA4 VR TR B E TR & sz, TR T,
1S FIRZmGLK4438 5 TR AR & i, (et RIS
P B KR ZmSRO 1AM IETE E A AROSH K, Had
Fek R RN T R Mt I EUE. ZmPTPNSRAS— 4
BAZTT IR, KM A% AT TR R Bl T A AL B A i
iR B A BBV T C2 A6 P, IR PSR 1M B2 14 5 .
ZmPTPNW ik Z B ABA(E 51i& 48 i s % 1
HsFA6ail#%, KZmPTPNAI /- FABAfE S &4 54
WL R & B A 2 1l (O EAE, (R Rk P bt S k73
ZmSRO1d-R5Zm14-3-3.1 EAEF @A BB, it
ADPRMESEAL BTSSR ALAE DA M 9 ZmRBOHC,
o HINADPH AL BTG P HE = 1 DANROS & i, {2
ALY, ZmEREBPG60IE - ¥ S8 AL S 45 F
ABASE S FE R F IR, B85 TR 5 haa f i 52
PETS HoAth s 55 F-ZmNF-YB16® . ZmWRK Y40
ZmWRKY79"™ | ZmWRKY106'"" . ZmMYB3RBOHA ]
FEPU AR PR TG, FEEROSIERR. TaVQ4-Dil
1B AT AAERFROSEASIESE T /NE BT A 181,
TaERF87 M TaAKS VMRV TaP5CS1/TaP5SCRIAN T 1Y
Al R A B LA B SR N A R B R RS ad Rk
GmNFYBI1 785 K G A T A0 B R i SODIE M Al
R S i, FRARTE A 0 FIMDA & &, fR UEAR 22 A4 KA
V4 Y =T NI | Y 9 it 1) S S B NN N T
L R i FIKSINAC26248 i T A4 BN AR
B RIS B i i Y, 5 R SIMAPK 113 T
SOD. CATHIPODRIEYE, TETR24M MEdE T 5%
Y AERKE BuMYBL2- AEROSHITE B FTABAK £
YA LA R T S SR O,

KRERER, INE . KRESEEYRT LRI
W EE BRGNP R, 4564 =i m
I Pt R a AT B A R . FoRIEN
C4MYAE T2 T AT e A s G & MR RIK 431
2 MKRE T RESFLICH AR, 255 ZAD M. 3+

3151



M4 F LB O200557TH F70% £19H

AR R A SR B SER, KISk,
TE LI LR T AE e 22 5. FORFI/INA ARl
FT AR DO, FEAEN TRk, SRR
A B, DRIHRG B TR, S0 IR = 3K
gy, REMRAM R B2 SHURRIVE, Rin3tE
T HIPLRHLHIITE D, b, SR B AT REEFI
FRUHR, P 2o RS RIR 2R At AL ) 58 5 1

1.2 TS iarspLbl
121 BEWMEAGETES

P P 28 AE VR AE AT T S 20 o 7 2 e
P ERS. ABATE S MY T S Wt i 15+
HERR. EEFMT, EABHREPP2CAs 5 SnRK2s
A AR IR RS2 AW, I SnRK2s 6. 781 50
T, WiTEABAZK - H# T, ABASZ{AK(RCARs/PYR/
PYLs)ifi i 5 ABAFIPP2CASTE WS A4, 4 Ak
FREEPP2CASHY IR I, B SnRK2s. SnRK 2sii 1+ [ 10
S A RGOS, BERRTLABA RN B R D e S N T
AREB/ABF(abscisic acid-responsive element binding
factor), & TiHiEHAMEMILEMR, 5HRSILICH .
R ZR A KR A MR A R A DA 4 v AR B
PRS- ABASZAKROsPYL3/5/6/7/9/10°% V1 ZmPYLS/9/
12P2NE T 520 . ZmSnRK 2s M1 ZmPP2Cs%: 5 £ K
TR, ZmPP2C-A10/2 F K PP2CABETRF
R AL B, TR TR Ry, Had 2k S 8CFEOR AR
IE0F T B U N A SnRK2F 5 S [
TaSnRK2. 3/4/7/8/94;@3&/]\%% B3] /N ABAfE 5%
ll)LEZ*TaPYL9/TaPP2C6/TaSnRK2.8/TabZIPIET“%E':”I'@
7 R 4 R AR PO ABAR AR SESE N Os3B-
Glu6'®" . ZmABH4YT | ZmXericol S s2mVEYIHi 5.
CATARTE R 7%, Y D78 I AR K 23 B 2R, R
o M 0 A OG5 7 SR EEW PR, OsE-
TOLI™H1OsARD 1M "S55 /K R 1) 205 4 AN 54k
GmACO1%t% .05 AT ACC(1-aminocyclopro-
pane-1-carboxylate) 5 i, o FRIEGmACOIV] LD &
PEE KT AR, TTRNAE S PR bR 30 T 5
RO Z g B P FERFE R M OSERF71/83/
10711027104 7 ERF21VS) . GmERF13511°°1
TaERF3V 2 SRR, AN K Z ot T 5
M b7 L R ) e 3k, (R AT 7). IR K (gibberellin,
GA)IEVEFN & ARG T 3 s A B 0% SR AR
(jasmonic acid, JAYF 5 ] DL 5ABARE L4

3152

LHAEH, i FIKOsJAZ IR RGP RN, Witk
KOsJAZ9H R T HiEABAFIJAK Y, fE 3K FEHT
SAIO) o B R A A R R o SO 35 55 Pk )t A A
FER RIS AR MY, b 2R Al A Ak AT BT
pS:RL = R STER A
122 HFFEREEEHEE

AR TR R, BR T IR N A O e S R T
VI BRS84S S R 7 4h, Hofth 2 S 7
B AR A1 B EZEIVER. NACH: A T Os-
NACI1/5/9/10P > ZmNAC2/20/48/49/ 111111015 55
WEAEMPLRE. ZmWRKY40/79/104/10677 711715
GmWRKYT7" Wt TR AR G L. HoAbL K 74
MYB. DREB. CBF%:¥%: S5/l sk
P B F 2 A8 mRN A4 55 A 5] 1 8 42 0y = A 2k
P A S A (i R 20, — BB LR A R ) [ A
I A BE BRI BY R4 T SR . R A Ak
Yy AL L R GmCSD 1 a-170] 83 9875 [ B vt 5y
B2, B PimicroRNA gma-miR398cf%f#, = 5Hi 5
RN ZmPP2C261 AR MR AT AR B R A T R AR —
B PIA s AR ZmPP2C26 LM ZmPP2C26S, H.AmitE 1
39 LR L ZmMAPK3/7HIZmMAPK3, 4% itk
MR SRR (LR S SR WAEAE 22 . ZmPP2C2610
TSR, HZmPP2C26S78 35T S UM & T
ZmPP2C26L1"*?. OsCYP18-2Fl SKIP(ski-interacting pro-
tein, IR BT HARA 40 BAE, BlRIvidsR
ROsCYPIS-208 HEAtFIPI . AtTFIIIATAtABF 2/ 51k
FIVERRIE RT3z, K1t IR OsCYPI8- 2470 Sk 2],

EAMEEBmaEESERL. 28k, A
(small ubiquitin-related modifier, SUMO)fk . ZBEfL5%,
AU R A RUE . 6, DU S HAb
M5y HAE. ABATS 538 % ok /E H ) & A B i i
PP2CAFNZE (134 BFESnRK 25 AR M SipE 24125 & 1
W CIPK s FICDPK s 1 45 5 1= 55 g ' 20 |
MAPKKK 38 it 2% Bk A5 -5 388 6 18 1 A4 1 S o g 27
ZmCPK35MZmCPK3 7R L ZmSLACL IF [7] 8= Hi 7
PERSL TEA TR, ZmCRK 1R KRR, ST
H-ATPE§ BRI, SECILCH Rt R, B3z
R 002 Z A S SR AR A P P (4 e
R B3z REHEMEOSRE 1z Zb T2 AiHE N 1
OsPP2C09, fE#k/kfEtFY. U-box E3##:M§Os-
PUB41iZ Z ALK "l i & F10sCLC6, fiidHe T30, /h
FTaARRI2HHI TaABF2 . TaABIS5%5 300 55 e n 1 5



ISk

Ik, TR/ YU, B3Z RELRFTaGW2{Z
ZALFH TaARR2, $E5R/NEFFEIE, SUMOfLE
T} 2 B A D RE LA S AR, KA, i
ZE IR SUMOE LR OsSCE 33858 K Fig %ot 5L ka8 Y
i3z, g 23k OsSCE M5 /K FExT T 2 EUR, ™
ANBE DR B M i S gD,

123 F£WEEREE

FMHRAEB M FERNATHL . DNAF L L, 45E
HBMAMRNABIISE, |2 2 S5 m Y, Mi-
croRNAs(miRNAs) & —RIEASRNA, Al %5
SEPRGTBR AN 1 B PEAC LA P ) PR 223k miR210538 i
IR LN OsbZIPS 6361k, T KRadL S35
miR 14323 T 23Rk, M6l F iR OsCaML2
ik, #MS5MAPKAMR G 5 FRmm 3L 1)
Fik, VR K R RAET). ZmLRTHR K miR 166af4)
PehbSEAR, miR166ak% 55 5 il 54~ & B AHIC AL K
HD-ZIP [IFFEIERHFBAKF, e a-
NACIT4fE /N ZZ S AR R A K & B 1G5 it 521
miR 1643 1 F i TaNAC 145 F kM /N AR R %
= 3 1 R T Y ORI m=c¥ 7 S EE 11 NS A
miR166/FR B, SEACILATHBI14-LIKEZR 5 w38,
ATHB14-LIKEE 42 GmPYL2W F2 3k v K S HL 5, [F
B R MIR 1 663 Hob A7 G s B 45128, Hh4% imiR -
NAs Stu-mil 64318 HE K SINAC26219 35k, s S
A BB A AR Y. DRESHS & — > LTRIS 5%
JAE T I FLA 5 I 1) B 52 P 4 9% )31, DRESHSHE
FEAE K 22-nt siRNA, #[a 84 T Syt 3K
ZmMYBR3SIFK, TS T S n .

DNAH SAL RS A K LT . Wi LK
e N fese TP A mEAEANY. CLDI/SRL IS
VEILBEARMENURE S & B 1, DR L . £ 52
KB R B A S SE R TR, AR KRR I 2848 1A
cldIh, SRLIZE3AMNE T EDNAF ZAb K38,
SEREARSRLIFERI M. ZmNACI 1 3 X MITERYAf A
FEDNAF FAL KA E A B H3KIme2 /K- I
T, MK ZmNAC T EIFE TR, FEAR T AR R0

WAk, HEE B FIRNA | INCH AR 1 (mCA) &
Hith 2 540 SR, KARH3K362E AL EEIMI 7040 5
MYB48-143k, it R H3K36H HEE R il
SDG708i i i HEABA G IE PRI Y. HE 2%
Z AL B OSHD A7 1638 i #1 2 R 25 Z B Ak 4 il Osb-
ZIP4610 % IhRE, F it B3 4 HEREOsPUB TS A SE{E

HEOsbZIP461 R, 0T it T 52w i B PR () 435
OsPUB75-OsHDA 716§l OsbZIP46 f4 %% i 1% 4 M 11
Faet, i OsbZIP461 T R BRI T I OsHDA7 16193
ik, JHOsHDA71609 A LBHEIHIMER, f2#EOsb-
ZIPA6I) LT ALIKF, BTG Folact i o (R, RS 208 15 7K
FER TR R A, FRNA T, ABAfS SR
K VR T BnaABF 3/4s 1E Vi1 Bnad9 . NF-YA7 335,
i &) Bnad9.NF-YA77] LL3E 14 10 il Bna. ASHH4s[%
K& BnaABF3/4sja 3 ¥ X H3K36me3 /K F, il
BnaABF3/4s0 31k, MM H T ABATE 5 B9 2K i
FELAST B A W I mOA 2 F 3R Al g 3
ZmALKBHIOW ik, FERNAKIAMO A FLKFEF
K. fETRALPRETS, XL H S0 PR 7R R RN )
o e i H S AR (B AR A A AE 25 5, 38 A 55 AN [ )
A RS 711 Al

2 1L RGN

VEDIPT AR S D A2 4 AR 2 22 U — 2 ik
Je&, )P e S DR S LA S ) AR ) I o 14 e [l S e 52
%ll(clustered regularly interspaced short palindromic
repeats, CRISPR)/Cas# [H(CRISPR-associated system)
(CRISPR/Cas) A3 [ 5L K 4 i AR A DG IE R 2 A
FEAR IR T RE N G, Ao A A Rl i R A 20k
. WAk, SNEAEY) AR I E TR, LA
FIAR Z R Y s T RV E P BT Tt oA 22 1) 52 5
KIE(H2).

2.0 ZUFEINIHURORHE A T2 b g LT

VEYIPT T 00 o B PR A7 5 (quantitative  trait lo-
cus, QTLs)FIHTSME N HE M EYIPT R & Rl ARt
TIRAETRIR. SF N B 5T (genome-wide  associa-
tion studies, GWAS)ZE &5 4l . A4l fRidl . #
WAL . sSRNAome ., FIRAIH LA 2004, A7 F)
T A B ORE Wf R A THT AE W R R R PR R 4, A
ZYELEFATICT AL, FRT, FHREARORLE 22 f4T
ELMSCIEA I 1. Yang 5 A\t 2412453, FIH
GWASHIeGWAS(expression-based genome-wide asso-
ciation study), PARIEFRIKMLEAETTE, MEPOAEIR/)
Z2 M 0T FARA P R L, BEE T TR EAR DGR ik
RN TIOTS1, FHZHE T RN AR, “F5 T /N ERIBT
FEMETR. GWASE S U A 8 A 2 4% (4
R ORI ZmGLK 44, il B n AL R A % 5

3153



M4 F LB O200557TH F70% £19H

Plant growth regulators Crop Breeding
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Figure 2 (Color online) Strategies for improving drought resistance in crops. Exploring the key regulators of crop drought resistance via high-
throughput omics’ GWAS and molecular marker-assisted selection. Theoretical framework for balance between drought tolerance and yield, as well as
simultaneous improvement of other stress tolerance are shown. Additionally, the application of exogenous plant growth regulators and rhizosphere
microorganisms also enhances crop drought resistance. Plant drought resistance mechanisms mediated by rhizosphere microorganisms including
secretion of plant growth regulators, synthesis of ACC deaminase to reduce ethylene content in roots, improve plant antioxidant capacity, production of
exopolysaccharides (EPS) and produce volatile organic compounds (VOCs)
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HAT 22 SRR M RN Z 4025500, AN
[FZKF TR R ALE], Z T R0 R S 5 T
AT E MINRessE, FRAIH 2R PR R A,
B EDIPT R B M R kPt

2.2 PUEREEIRTE P R ) Al

VEY) T Fh s B = e ATk A, A 9
Al R S ARl A 1) 7 e AN DT o, (RO PR
7 STES ) 1K= G N ot Y (7 Wi = S E 71 i A T3] K L I 1D
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BB IR
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BRA A T SR 2. DRESHS B S 470 A F) S50 A
5, (HJEDRESHS7E E oK YL Fnek R # bz 2] 7 AT
Ve, HAf A RN T F oA, K DRESHS &
i K= R AR O AE A 0 A A Bk
BRI AR (short tandem target mimic, STTM)3K1S
T miR 16654 E B AL MK K GmSTTM 166, miR1663%
PR R e ad K, AEAS R P A I T B T
PrEpENE

ZIAZ 50 FREHE R MR h A &
BAER. FIHADE AR TFEL, B Taoh iy 23
H, s Z PR N T T REF R, RIEDPLE
BRI EE I Z—. OsNAC41-RoLel-OsAGAPS T
MK FER R LT SPURE, RoLe EHERK AT
B HBE31 FproRoLel-526" M B ASRAER. pro-
RoLel-526" 5B RoLe 1 A, fEHERoLel Xt
OsAGAPHIES#, IEIHR R A K Z N, (R R R K,
AR TR E A AR BT 55, TR T,
K it e TR 445 R 1L R ZOS 7 m] 486 hn Ay  F 7
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Table 1 Crop drought-resistance genes cloned according to various phenotypes and populations

Yk I NI HERRR HHARAN  ZHIR
OsNHXI Na'/H Wi 2 432+ LIRS 206 [147]
OsLG3 ERF# 5% K+ FIER 392 [70]
LAXI bHLH# 3¢ T it PR, R Z MR 215 [148]
PAPHI PAPHKIGHH 8B RPEAH SR 501 [149]
DROI A A 2 LA e 7 R WREKME 117 [36]
IKFG RoLel It A A NADPHAK S I FMIN A Ji i 445 A4 5k A, Pk 667/243 [39]
RRSI MYB#; 5+ iESN 795 [45]
0sSIZ2 SUMO E33% #: i R, WER 795 [150]
OsNall TR R 22 51 I 2 R AR A 2R R MR 413 [151]
OsJAZI JA(E ST AR ENN 413 [151]
OsSROcI JK ARG SRO[A] JFIE K S ek RS  A F8 120 [152]
ZmIRX154 VN Al SALEE 424 [24]
ZmKCS12 TR T 0 T OGS R T AR R PRIBCR, JoKkE 389 [153]
ZmVPPI WAL BRI FIER 368 [49]
ZmTIP1 S-WEILEE R e 368 [54]
ZmSROI1d SIMILAR TO RCD1 ONE 1D-RESISTANT TR 368 [74]
ZmPYL8 ABAZRIERH FETT 368 [92]
ZmPYLI2 ABASZIESEH PRI 368 [92]
ZmPP2CA10 L2 TR R R R I R B TERH 368 [94]
T ZmNACI111 NACH AT FETT 368 [116]
ZmDREB2.7 DREB# 5 H + TG 368 [154]
ZmEXPA4 VakEA FEAE-H: 22 [F] 228 [155]
ZmGLK44 Golden-like 22855 31 1+ AR R 368 [71]
ZmRSA3.1 Aux/IAA Lisgeaply 380 [47]
ZmRSA3.2 Aux/IAA H g% 380 [47]
ZmCIPK3 5 R R I BAS B AR B (i HRERMER 373 [48]
ZmHB77 Homeobox-§4 3 [ F77 PR H, iR AVESRFHE  >9000 [53]
ZmcPGM?2 YL 5T 2 M A R 72 o R e RSB - A A 368 [163]
ZmFABIA 1 I T I -3 - e STkt R e dk (R -k e Y 368 [163]
TaWD40-4B.1 WD40% o EERE 198 [156]
TuPYLI-1B ABASZIAFER YESAES 120 [157]
TuSNACS-64 NACZHE 3R T VAR 700 [158]
INGE TaNAC071-A NACKHE SN+ IR 430 [159]
TaPYL4 ABAZ I HER RS HER 323 [160]
TuPP2C6 22 SR RS A B TR G b1 35 e e RS A A 155 [161]
TtOTSI1 SUMOZE 1} Y, AR keQTL 107 [162]
_ GmNFYBI7 NFYB#: %K1 PEG60004bH! N (8 & % 179 [83]
K9 Gmacor ACCA e 585 [101]

ZOST5MYB60HAE, ZOS7-MYB60X G Z6ikkk 22
H SR AR RSP RN B2 oshda 7168858 #e ik
OsbZIP46, YIE /K FEPTRFFPRI K, TEoshda716%
AR PRI ik OsbZIP46 5 i g 3 MU B &7 1 PR /N
TR EM ZmSRO1d-R-ZmRBOHCIE ##% T ki 5

DTS A R aE, SR FRIKZmSRO 1d-RiE
IEH KA TR, FIZmSRO1d-RIE F KTk
AR B R P BE PR VATR. TEREIE T R A L IX,
Al YT RRE S . (AR IE R K A T X
TC i E S ZmSRO 1 d-SZ5 i HE ;1 76 T 5 k30 i
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X, Al H B ZmSRO1d-REA KR (kR 7Y, 7E 58 12
BR324 T, ZmCRK BB AL ZmMHA27G H:, <,
fLATHF, HfemmEEERK. ETRERMET,
ZmCRKI1E K TR, 1855 1T HXTZmMHA2 (4 i
ER, SECILEH RN TR E37Z RiE
TaGW2IEJEF /N TR, SRR R N 6
HIRYITaARR12Z 5 A SRR FE 5L, Rz
HPURNE, SRR/ NP R TG E . fEtagw25E
AR B TaARR 12, W] [ B4 2 /N2 B 40 S 1 A
#U'3. BnaABF3/4s-BnaA9.NF-YA 7 2t id 5 ] B 1E
ABAME S BB, AERr A KA R0 8h A7
U] g AP R D B A Bk T LRV E P R,
VUKL Zm VPP IR ZmNAC 1) FE R AR T 2558
PAFIIGRFL I ATRL, SHFAEAUMIH, SR 3
MRS A VR BRI A ARG R s, fE 5
7/ SIEN N <7 = =T

HA R RR T R A SR FRA, L
R IR 45 e 4 34T CRISPR/Cas9 4 i 45 77 1 4 ]
T BBATE L ()R ST R IR . DROMEHEVEYIHT
BRI R IXDROIE M E KR EK LS. FIH
ABAE S 81 T (p3xABRC321) ¥R 51 ZmDRO1FK K,
AR 5 HZ ABARIE FRIFE LN Tk, L
PR T RN N KRR, BRI IE R K &
PER BB FFE SR s 7R R kT L
WD RERLEAE, JAERMEYZEIEMNa S0 N AR R
P WRRRF R HZABAE S 5 3 7 A
A WA A KRBT R AT BER. R Bl X
PTGt T L A R MR AR S, B L PR ) X
RASAIRER MM IR, R EYE B ikt
gRNAs(guide RNAs), F|J1]2 5 CRISPR/Cas94% A% Os-
STOMAGEN(S ALK B 1L G 3 7 X 174
B, A R TR B S Bh R JE . R TR B4
1) L 2 AR Ak 3 BT AR A A FL B B 1 7 0% 3]
120%, HAT Z AR ERA E TR0, ARSsh
TR LR 0 R L B AR L 5 B e A AN [l A A A
b, FEBHIC IR SO 0 G 48 1T S B AE P v 275 1
P K GOS2IE AR AR YA B R i ek
K, MPLREILHNARGOSSHY F Ik MK, FIH
CRISPR/Cas9 & H g 1 A £ K GOS209 7 21l A
ARGOSSEEHN 15 -UTRE H HAE R HARGOSSEE K I
JABhF, ATLREARGOSSHZkL, T REMa R &
KA FH ] = o8,
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5o REIHIAOEEEY IR, WS S5EYX
b rac e 52T BRI K e e ELA — 2
AHIE RS, P E i R T i8S 5 R
SEDS A= L A T = 5 S R e = W ) STE R
YER, A BT RIEA ZERON LA, A R
FIFHIX LN, NACH; SR8 (TE Ao IR AR AR
AR RN AZ Fp BB, AR AR ZE R A 4 R RE
BH VKB, ONACO23RE A K AFHT 5 FIE AR
. FEAPNAE T ONAC0235%35, OSREMI.5 2
fRILONACO023, fEEFONACO23 AR S 58 ALIERR . K
Syis M ha N R, E R K RSB R A
PEUOL NUT L s 5 e A R B i & & PRk oria
g, FERIZ 0 E TR AR IR AT DROTTE R
P gSOR 14 il /K FEAR A IR Ak, i /KRB AR SR Bl 114
FAAEt GmNF-Y CO%% st K- o 15 £ s B 4
i GmSQE 11 V4% (i Bt & ik 4. 76T S AER e
T, GmSQE I K G5 A7 Bes it > Bk
TAEAEYINE, HURIERMYHRGEE S 5 A Y e
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R S VR i E AR RS, SR AT
AT, TERIIIRR R & B FUK S W ICRE 52 BRI, 5T
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M RN L JEeRuEs, R N EY L
KHFERCOMA, HE—LAMHDEA R, R AERT
TEPT R TR SR, Bl AR IREDT R
FEB AT PRV T 2. GmMYB 1433 kbR Y
TR N & TR, FER SRR, MmN
O E G RS s Y S 0 SR &S 7
R, FE IEH KRN T 20 R A7 34 i Tp AR 7 )
AL ) AR 2 F T e 7, B R AOAR R AR
1A FIFEDI K R T 538, 38 0T LA & T
fyr=aE. A K R A EIE N ZmRSA3. I ZmRSA3 2V T
KIE VR ARAG Y, A 25 A FOK B R AL 1Rk
W FEAL VIR VR R A T P R A st
FVFERLRIG TG i — 25T

TSRSV EY i R AL 2 —. X E SRR
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VR R TR R AR K 4y, B oK e
X AR & SRR — R Lo ke g, 7
BERES, PREEIBT R IR AR & B k. R4
FBHED 8 % H 2F B 32 B0 K282 o Rl IR 2 4,
o R AhER 20 A FEEE R PL RS B A
JE BB IR R I, B Bh R R AR, iR
R Z 2R . LR R SEE R, MEI(RNSk
YA 3L SD IS GAE YA B GA20% AL, 1E 7
FOKRETPIR R, I A S0 O AR T RS
I ME I FR AL HEGAR Y A L. GAHR I
TRt 4 HI  FDELLAZR 4, BSikOsPIL13, Os-
PIL 13 OsEXPA4R)Fe1R, EeZAR HEZK AR v IRl
FHETOL K AEPAOF L K Os PAOS 7 4 Fp IRk 1
RN B R ZmSROLefi it iRA 78 58431
M GAR RN Jebric, B B Mg Ap, AR TR RX
YEYIHT T 0.

2.4 R KRR BB it i SR
AMEEAE A KRR, SR i e DA
TR K KBTS Y. EI5RYIEE AU
AN, BFESERE Y A S-S B T4 ). ABA
Weahil . MBI, 2, IR . RSN
AMIGRL P A R 7] S e SR VR bR A R
LGB BV, SmfEYhi . SMEABAG [ESFLK
W, BRARZEME R, BN H BRBUIR M AR & i, {2k
P FRLEOL o o 2 1o M SRR AR T S A R A SUZ I A,
GRS, PRI/ E B (TG, SN SR
ki, PEEPUE R RE T, W ROKIE A YA,
FERIBLR Y, S ST R %),
TR R A0 M ) 25 A N RE . AR P TR £ e Rk
YsE . RESLEERAUK SRR 8RB S
TRPTAABT RS, SR e T R Mhaa ™, a2k
YIBURGABATEHHEYIHTR. GmSQE1 S WA Wik
12, GmSQEIfHIEH R GHr e, HAARSMb i {5 B
e FUE R . NE . BTFMERNPLRE.
TaNHX24E it 54 @R NR B TaGAD L EAE, kR
TaGAD1H#IHI, fEitty-Z 3L T 2 (y-aminobutyric acid,
GABAF &, Wiy fLiz s s bt 2™ sesh,
ANIRFE T T i P B AT B EAE ), CEL25RBUSKHAR
B G S B U, fEKRE T, R /MIK
FNOsDTIIHE R T ABAS &, st K Agif RE ) g4
KA REAT LIS R A 00 AR R KT, IR R K

N1 ey 7 STE NS RS 7/ ) oA =% SR P/
WARLRE S TS AR R AR a A DGR, B s AR
S AR U FKGE 2R AT, S B BT E A S
30ST]

TR HRAVEYIAR R AR R 53 53 Wb, 520
HR PRI PR 0 S S AR, AR PR 4yt ]
DA it 22 ) 12 T sk LS w4 A 4 UL ARBRAR
£ (plant growth-promoting rhizobacteria, PGPR)/Z—
KRee e A A . W SR o AR e A
TR A 05 ) 3 ). PGPRATIE s (1)
TP AR KA A e A P . KRR
A g T RAR B Azospirillum  lipoferum/a, KN ABA |
GAFNNG|IE-3- 2, #R (3-indoleacetic acid, TAA)F =T+,
PR U [ E R Azospirillum sp. W] ETRIAA,
R N MR AR BAE K, AR KEE I3,
waag /N PR (2) A RACCH BTS2,
M. TRENAT, MRS G ETARACC
&R, OB masMmBEYERAT.
PGPRAJ A= ACCHIL 2, 73 fif ACCHREHAE Akl Al
FUR, W ORI, R A BLA CCI 2 A A AR R
WE, N TSI RS MR AR ERAE Pt
W, MRFRAKS NIRRT, R B
i Pseudomonas fluorescensilif AR O M & i, 2%
fift LM XTAR R A B, B A aRE, 5
AR, T RN R R ERA R (3)RgiE
TP A IS V. M ZF AT W Bacillus  sp. 17K
RS VR ol i 2 B B B4 J Sphingomonas - sp.
KU ELA T i AP EAR R TE MR E R
(4) FEA A Z 8 (exopolysaccharides, EPS)HE s /K
PE. EPS/2 tH AR PR B ™ A= B = PRk BB i 24K
I3, DRAP AR S 2 K A 3, S8R AR 7E T A
s, Rl e R AR, AR PR 4
HERfE, sEsRAEm AN EPS A A T RIMITE AL
HRESZEH, (R R IR ISOK AR syt (5) B %
A HLA Y (volatile organic compounds, VOCs)if &
MY 5 55 S, PGPRI]UATEZE S5 R H i,
3 BRIV OCs RS M A 49 A K Rt o Ji7 200, flse o
MI & Pseudomonas  pseudoalcaligenes B VOCs il —.
FEE T mAb P An2,3- T 0%, AT LA/ K4 Al i fi
B Im MMDAR R, 4 2 FAR b 0y e s A R TS
PEROU 5T PGPR, ARFRIEA: ELF (plant growth promot-
ing fungi, PGPF)MIM L EL [ (arbuscular mycorrhi-
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zal fungi, AMF).Z S5/EW T S Wpama iy, fif £5/NE
AR DUAE T R IEE T H S5 AR b B 1T 55 LU e 6 8 Mor-
tierella alpina, ¥4I NN25 T FEBURAY N h EF, 7]
DL 5 Jiir 6 e 3 B DX A0 CIPK ORI PP2C30, 358 rh
E P 568 712, AMF U] 5 KB4 A A AR 24t
A TG M TR, DR 1% 1 T TR 22 I 46 W LA Bk
WIROK o FFR4r, TR 0ha N LIy KL A
LR ik, A A TR 2 T S a0,
3 e

R HETC A V2 EY TR oA a5 7 i 4GE,
{ESZBRaE R F & e Bt 23+ a R, 75
BISEXVEDPTRALH T, B0t SALFRBORAE
TR A M AT UL b R R RAE ST R AL 5T B Lk
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FEI B0 S s I %) S i = ik ), 1 5 R B LA
KeFSEEnta]l, VAR A e anm i . EReAE. bR T e
YERI A P= =5 oK, R AL TR R, RS MR
F . milaE T+ S ad  ma R L. R T IS R
A7, KT A PE AR LS SR . bl S
PR ARG B AL, LA S
b A 1 53 A A R AL, R SE RIS R b S
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YrpT AL AT 1) e 2 H AR,
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HE— LIRS E. HTF o TR E R, 23
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A Y T ARSI B 5, IR SRS A
FYSER 25 0F F T, /DA TR R SE IR Ao, S
HA VR I R Z BB TR PR GE D dE =
YEYIHTSEROBL, 00 A &3 FH AR [ bR 245 11
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Drought is one of the most severe environmental stresses affecting plant growth and productivity. Global climate change
and population expansion are seriously challenging the already-stressed agricultural ecosystems. Therefore, enhancing the
drought resistance of crops is of great significance for ensuring national food security. Crops respond and adapt to drought
stress by modulating morphological and physiological biochemical characteristics such as leaf morphology, stomatal
aperture, root architecture, photosynthesis, osmotic regulation capacity, and antioxidant defense systems. These traits are
also important indicators to evaluate the drought resistance of plants. Phytohormones, ions, and small molecules participate
in the perception and transduction of drought stress signals. Crop drought-responsive gene expression is modulated via
transcriptional regulation, post-translational regulation, and epigenetic regulation. In recent years, diverse drought
resistance genes have been identified. This review summarizes the recent research advances of GWAS and high-throughput
omics approaches for developing drought stress resistance in crops, explores the roles of epigenetic regulation, molecular
module-based designer breeding, tissue-specific and/or ABA/drought-inducible promoter application, and cis-regulatory
element editing in balancing drought tolerance and crop yield. We also discuss the functions of drought resistance genes
under combined stress conditions. It is emphasized that pyramiding genes through marker-assisted selection and other
techniques to enhance drought tolerance is a promising strategy in crop breeding. In addition to crop breeding, the
application of exogenous plant growth regulators and rhizosphere microorganisms has been reported to improve crop
drought resistance. Exogenous plant growth regulators, such as hormones and polyamines, mainly enhance crop drought
resistance by improving antioxidant capacity and promoting osmotic adjustment capacity. Rhizosphere microorganisms
assist plants in withstanding drought stress by secreting plant growth regulators, synthesizing ACC deaminase to reduce
ethylene content in roots, improving plant antioxidant capacity, producing exopolysaccharides, and volatile organic
compounds. Finally, this review offers a perspective for future research on crop drought tolerance, emphasizing the study of
multi-omics approaches in the root system, as well as the mechanisms underlying the balance between drought tolerance
and crop quality. In summary, deciphering the molecular genetic basis of drought tolerance for crop breeding, combined
with field management, such as the application of exogenous plant growth regulators and microbiological fertilizer, is
critical for enhancing drought resistance in crops.

crops, drought resistance, regulation mechanisms, genetic improvement, drought resistance strategies
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