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B B B R @K (Singh et al.
2016; Hasan et al. 2025) -
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FEEERCRER  H2MR? 2 KRS - H—
= BEit 2B NNERER X2 mARE
73 F H L 2 iR ER R ARG B i B R AL o ARG
fiif - M2k > BIFES/KFEWTZE AT (International Rice
Research Institute; IRRI) & ¥ 8T /K R FEH
HITETEE - AMER P EmE (R) BAWHERN
i FR¢ 4 (Singh et al. 2016) » BURHLLRF (S
77 AT BE E DR AT 52 14 IR 2 1R R A AR -
B o Kigmaz 28050 > fE4H - &G
JEERFEEREEHERR L BRS4E
& B O FE OIS - B R LR
BEFAEYE R AN AL ERKREE
(Upadhyaya & Panda 2019; Gupta et al. 2020;
Melandri et al. 2020; Ma et al. 2024) - 41}E%%
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TR A 5 B H [ G 28 O 2L 5278 0 B R AY i
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SEHVIN UG RE & - BB RS
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PR AR 7 5 1 2 B Em A

IKTEEC R I 2 2RE

HIRR b BT
KIGERZFE T » PRI EF 3
STEEE (L - RS E MR - BRI
HRAEaEESE - BB/ - ER B
(leaf rolling; LR) F2 IS - MR ELELIE & K F
R SIE > REEHEBEYRFD - PR
e - FER EBAAE (motor cells) 7K /KIZE
U o ERREER ) LR FIRE > R EE -
HEIRAERE ~ 48 KRB 4HHE (bundle sheath
cells) &5 BHEAMN I AEEE B (Yan er al. 2020;

Gunnula et al. 2022)
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&L (carbon oxidate; CO,) B » HEOLE
{E FH % (photosynthetic rate) [ o {}:fE %
iy BREL 2 15 R 12 Okt R AL R T - e
— D HIHIE 0 F A A 4% H 59 7K 73 R Y 8%
He fFALEH R R ERERRAE
o1, S-EREE AL B NE LB/ N %EEE (ribulose-
1,5-bisphosphate carboxylase/oxygenase;
Rubisco) ¥ R EME BSOS E R JT > [FRF
HE—Z25GUE BN B - BENEE
(proline) ~ 2% (polyamines) ~# &2 (abscisic
acid; ABA) Rt &ELBERERE > DIHBHEY
4 A FE AR E MR R[5 B BE 77 (Oladosu et al.
2019) - BEM S » 2R BWGEROKRDES
FEVIE 7y Bic B Okt s B T Bl
BRI - HEE AR AEREARN - 2
TERERRIET - G5B ERIIET -

BATH IS B Y82 R Ptk (drought
resistance) A E & B A R/KER TR 4EFr iz
EEBNGEET - At REFSER
TR BRLZEENPE - A8 EREK
JERS L - Z It - BE T RHE YT 2 5 B
By 3 RJEA (Kramp et al. 2022) » 535l B+ i
## (avoidance) : fETE Y% 1 P AR B4R THERET -
HERFR S AR KES - DU R AR K - B R
i LV BV HE Y % ELR IR %~ R AL RA BB
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5 Wk (escape) @ R fHYIAE 4% 2L B 5 1 BEGR
KA PR SE AR B A HARY SRS - BRI
& BRTE - B mEEKE - stEEN
RE ] SRR FEME Y B8 & 1% R (Liao et
al. 2023) : [t P4 (tolerance) : AIZFEY)EE YK
BHSBAGRERTHEGFRES - B8 822
FETRE ) ~ ME REMERAE - R K 2
PINEAREE% RSN RILEE » 57
R —ERVEETERAE (B 1) -
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Drought tolerance mechanism in rice

Avoidance Tolerance

» Perfused Root System
® Deep roots
® Maintaining higher water content in

» ABA Biosynthesis

°
® Early flowering and maturity
® High transpiration efficiency

» High Cuticle Conformation
@ Higher photosynthetic capacity

1. TRV R HEAIRE -
Fig. 1.

» Retaining of Turgor Pressure

® High stomatal conductance

® Maintenance of photosynthesis by
tissue water potential maintenance

» Protoplasmic Resistance &

» Activates Genes and Enzymes

® Desiccation-tolerant enzymes (LEA,
dehydrin, SOD, CAT, APX)

® High proline (through upregulation
of OsP5CS, OsDREB2A)

® Early flowering and maturity

® Maintenance of photosynthesis by
ROS-scavenging and ABA-
signaling

Escape

» Phenological Development
® Early flowering
® Early maturity
® Shortening of the growing season

> Plasticity Development

® Tissue hydration Osmotic Adjustmen ® Developmental plasticity
® Stay-green ] ® Osmotic adjustment ® High leaf nitrogen level
® Early flowering and maturity ® Protective solutes (trehalose, o ngh ;)_hotosynthef(lf: cgpacﬁy
+ mannitol) ® Assimilate remobilization
» Timely Stomatal Closure e High proline
® Stomatal closure ® Partial contribution to desiccation
Leaf rolling stability

The responses of plants under drought stress. LEA: late embryogenesis abundant; SOD: Superoxide

dismutase; CAT: catalase; APX: ascorbate peroxidase; OsP5CS: Oryza sativa delta-1-pyrroline-5-carboxylate
synthase; OsDREB2A: Oryza sativa drought-responsive element binding protein 2A.
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g7 50 5K R PR I £ 5 /K 3 (water
potential) fY N[ » EEAE B K53 HY H#Z
BE » % {5 4 e 05 4 555 IR Y Y BE (turgor
pressure) - HE (I H AL R ELANAR 0K > HEL
I BE B & W5 /)N (Hussain et al. 2018) o /K47 it
fERYA e > MERERIENIEF#E - X

HeAmasraoalafpRe - a5« T/
RALBEE D ~ HHEE R - /A5 g ) Y
e KB EHEHSE S 2T (Upadhyaya
& Panda 2019) - {E5MEIFRAY | - LR BEAGIEER
Hi%EE (leaf senescence) » H 17 Fy /K Hei ¥ 5z
By SR 7 FE > 7N 2 H R G 2 i 2 o
(%) NEZEINESFIEE - I > BEREESE
REMEAR - E#ts8E o] K e KRGS Rz 2 AV 52 58
71 B glIEETE (flag leaf area) ~ FE[HIFH
5% (leaf area index; LAI) ~ E R MHH &K=
(relative water content; RWC) RIEER BZEZ 4 &
(leaf pigment content) 2 (F£ 1) o B LM ARTE
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WRRETHEREESER  WEEIL Y
TTRERG - BEIZIER KRN R mE (R) Z
FH ] R AL B 7y T B TR 4 SR (Hirooka et al.
2017; Swapna & Shylaraj 2017; Kumar et al.
2021; Gunnula et al. 2022) °

ZKFEHZ 5 AR SR I RE B AR B

TEVIIR ARV REELTh G » B2 R IEY)
HEFFK W I Bl B AR E YRR A - oK
R K oy R Z B HoE B YR BB 2 h
ERERERE  BEEURIBMEE - 12K
WoRdEH > IR AN (WRZERERE) 7]
T Ry oV il 2 52390 5 /KRG 2 AR V8 0 /Y TR S
i (Kim et al. 2020) » Z LT HEEE—VH
HZAEKEmE (R) EEZF THRAFREIN
BSIE > FE L RPAS H N 208 ) BB IE SRS - 55
—J7H > BRERE  KBEZEEET - 1|
ZEHE ABA BERN B FHERANE
PSR = 28 g T /K T YR U RE T - BERS T =
E R RER £ - AL 2R e K
FIEAELE (rooushoot ratio) B ALK I
mnfd (%) 0 8 B R 0 E SR
7€ JE @ (Mishra et al. 2019; Kim et al. 2020;
Ramachandran et al. 2021) - AL > 7KFGHR &
HYJ RRE A BEMESIR - (RRZ R T » FNERE
KIGHE NG E & » INERIAERY ERENT
A VR - BUR MY 2 oo fE R Y B AR
Br—-

HRIKIER AR 3 SRR A&
Sk A (RE 2o RE) I (LN
RAEMRPEL) K TED (FARZERE B E % E
HIFR) 3 MR - KHUEEB Rz 5% - FHiAM
ot TEETIREASEBIEN - §
FUR B4 R B 7 A S 0 B34 ¢ WinRhizo
RhizoVision Explorer 2 ARIA (Automatic
Root Image Analysis) % (Li et al. 2022) - 1255
TEAE/EMR & (root length) ~ FRFLHHE K AR
AEERESY - RtsEE HFE MR A
R EMEIEER - A B R it 548 Bl 8 & IR
FLRPE (qualitative trait loci; QTLs) ¥t
Bt SR S A -

IR 2R N B B EEHRERT)

R

W2 R DL S L S0

§7 SR b B I 55 /KRB R e & T F R
ELRAG SCHARE ST - ETEMRERKEY - TR RALEE
REFEPA G RV ZABUE R HIE RS CO, #E
AZERARE - 5 CO, [FLEE AR TFE - R
ERETEHEEDETRE  EFEEAE
(reactive oxygen species; ROS) 4k » #E—2
gl EHB A DS (Zhu et al. 2020) > 1T
BEEOLEFHERIIIRE - B UEREER
F# K ~ Rubisco 2 BEZE MG - IR ELE
&8 I/D (Panda et al. 2021) - ¥ &L /K U Y
KigemtE (R) ME > LEEMAZR - 1 ER
ERKTF RN TR gEREEZEREX
(Gupta et al. 2020; Zhu et al. 2020) - £ %
GGk R R E SO 4T (photosystem
I, PST) Ed5% £ 4% 11 (photosystem II; PSIIT) ##
TEHYZ I3 » Ju X PSIT 3 88 1 {3 % B A 5 = Bk
% (adenosine triphosphate; ATP) & ik 43 /i
ZAEEN AT - 2R YIE G R EKRE R E
B SRR AR+ S B - e o s AT I
250 PSII 425 1/k (Mishra et al. 2019) -

EGZEMLEERANZLOER > &aFH
EHRE ML HEIR T » ATME K R EREER
A% CO, YR HE T » B/ EHESL R S
& TEE &K PSIL&FER (Fv/Fm) f3F
% (Zhu et al. 2020; Guo et al. 2022; Arief et
al. 2023) o [LAb » B ZEE R AL IReE TN
R B A 0 R E BE TR UCAE B O RE B RO T
HAh » T B 25 T 5 55 2 GH% 57 - Y T BR )
(Swapnil et al. 2021) - K » FIFH 7>+ B EE
ERTEEMHMEVNEREGEEE Bk
H AL YRz 5 8 FE M BOE REERE TRV BT
FME (Gao et al. 2023; Kumar & Sindhu 2024;
Nazari et al. 2024) -

vz S R R IR O BE & SO

K BLER B2 K oy [T B (% 5 DAZK 35 R
(water potential) 81 RWC {E Fsi% L5 FE T LASH
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At (Gupta et al. 2020) » FHrft » K73 FI| 8%
(water use efficiency; WUE) #% 1 K 7K Fg4E /K
N AEEEE IR EKAE T T2
PRI /KRG 52 58 ) HY B ZE R g 2 — (Mishra et
al. 2019) - RWC AIl B 5 Ad /K RAHE R BE N 7K 73
HRfELR G EE - SERIEERIEN/KERE
ARt R A B LB Y - B KSR BN R
BEF o 23 RWC R~ fi BRI AR R 2R B
MZiME A E £ E (Gupta et al. 2020) -
EENERVE I E - A2E D 4 Bl FK
T4 Ry A el T T B 8 > SR ALEADRHE B K
PR 48-72 WHHAR - &Mt & & EFFim (e
B HAET o (F RWC 2B E LFH#EE: (Medha
et al. 2021) - RN (T2 7 P P17 H B 8 A
B NEFNGERER KB  TREEREE K7
A AT RERYIRE -

H—J7H - 4HHERERRE % (cell membrane
stability; CMS) JARZ S NHY4ERY - CE
2R YN R E AR - R
G R RS K o i HERR - SRR SR
TEELgEAT - MBS INAHRERE B A M - (EHERS
TERR 7K 72 o 5 5 ¥ L 4 B 52 M4 (Singh et
al. 1992; ElBasyoni et al. 2017) - 4NiEfETEE
14 F5 % (membrane stability index; MSI) H]{{%
8 Blum & Ebercon (1981) Ay 7 AT HIE »
1M &% 5 WAL e N BRET KRB R R 5 T
WA E M E BRI AV B M (Blum &
Ebercon 1981; Upadhyaya & Panda 2019)

INFEF B WIR ™2 E LR E RS

TERZ R » KAE TR R B i s
FEVERE (osmolytes) HYRFE - B4R 4HAE A2
BRI DIERF AR A BR B AR A B )58 o H AT
Frag BLHY 2 A (ReE RS © &M - H &8k
Fiw (glycine betaine) J & A/AMENE - 5Lk
V)& B i i % % S 1 (osmotic adjustment)
R B K T i R A AR AR 1S (Kumar et al.
2017; Upadhyaya & Panda 2019) - 55 - 41l i@
NEHE S EBHKNEL  IKEaiis bl
A SR S R T 0 IRA B 58 AL /K RS i
B M (Pandey & Shukla 2015) - L4 - B3
MR TAEEYHE - W1 ABA ~ HEZAE

rere

]

75%  H51IH

(brassinosteroids; BRs) K Z.J# (ethylene) » i
FiE BB PV — MR - BE AR
REMERAE REENE - M AN REREESE
(Gupta et al. 2020; Haghpanah et al. 2024) -

VZ SRR N EEEYVE N S

BB BEY R 0 A IER Y —
([ 1) - EEEMAR B T R HikgFiE2
FEURTER B8  DLERE K o ot B et e B b o
PAFER BBl » BRoKpR B v 3R B 2l ~ 71A
1~ Bp S L aY R AR ENRE - IF
BEARTHIN R 86T (Anjum et al. 2017) - Ffi &
W — T FLBR I A - S HB SR AT B R4
A4S REThRE » TR Al F R B B8 it 2 il (B) 1Y
A {EfE%C (Hayat ef al. 2012; Pandey & Shukla
2015; Mishra et al. 2019; Medha et al. 2021) -
MEFHER(E Ry e B LS ACRAN » TRS BB 1E
FH BP0 A RS 4% - fERZ R aissh > Kigg
PR - (REEE - RS A KR E
WERE - O HBEE - IBLHERT RO - T8
B Y 98 /K R VI 214 (Benkeblia 2022) © ¢
H o BEF ST o8 - KRER
WRWERT > g R (proline) ~ 8
SEfE (trehalose) Kz g T (raffinose) %25
OReE R - [FBF HEFE ABA BLZEH] % (jasmonic
acid) FEEHR 0 THIE L (Alcazar et al. 2010;
Kajrolkar 2025) - 43515 » A& B 81 a5 14
WERY T [E BAR - B KR R R R i AR TS
MY E E I (Upadhyaya & Panda 2019) - i
— W EEGEO'ERGE: (proteomics) BLCHAGEE
BRI IEAE IR - B R R PR EOK
o o R A AR o [ A B A I B R
o e DU R Kk THREE R
K (Witt et al. 2012)  [fij 2 L3t 57 R T
EY A B R AR AT R A A
i AR R = MG /KI 52 14 - $E Mt HIRH 82
Bl -

oS ROS [yEEA:

ROS HiEYIH S NSO RAREY > B
REZ R o HA R AR E 0
AN s B S AL 1R 1S - ROS EZEAE e & F F B
U0 fF A AZ o - o3 5l I B ke LR 4 G o
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FifELE (Gill & Tuteja 2010) = ST » 8 545
FHIHE YA E T EHiEHE > EEEEE
H & (superoxide; O,*) ~ # &5 b & (hydrogen
peroxide; H,0,) F ¥k H A% (hydroxyl radical;
OH*) Y k& E 5 (Melandri et al. 2020; Fathi
et al. 2025) - ¥ ROS i@ A(LELE -
A58 F DNA - & O & 7F F BDEIF IR IR -
51 E BRI RSB R &
LCHFARBESE T (B 2) (Melandri et al. 2020;
Fathi et al. 2025) - [Rit » (&K ROS 4 Bl
s LR AL RS AIE 55— TR T /KRG 52 1 Y R
TR -

WS LA L E R A

EY B H AR E R - vl F
B E LY B S S LY 2 KB (Gill &
Tuteja 2010 ; fi&E 2) - Her - FEEHIALYELEE
HEA Y EEG (superoxide dismutase; SOD) ~
HEALGEE (catalase; CAT) ~ EAt H L FEAL
Yl (glutathione peroxidase; GPX) ~ Hi 1% i1 %
W E /B (ascorbate peroxidase; APX) - B
Ft & P % 1 fi% %8 |5 % (monodehydroascorbate
reductase; MDHAR) ~ [ff G H0 352 I % 28 JR % 22
(dehydroascorbate reductase; DHAR) Kzt H
fK#E NS (glutathione reductase; GR) 5 FERFEH

-

CHLOROPLAST

MITOCHONDRION

APOPLAST /
CELL WALL

Drought stress

Z N
y
=P Superoxide radical (O,")
-

20

~N

=P Hydrogen peroxide (H,0,)

Superoxide radical (O,7)
Singlet Oxygen ('0,)

PEROXISOME

W =P Superoxide radical (O,")
PLASMA MEMBRANE

. . (NADPH ida: 'RBOH)
Superoxide radical (O,7) ¢ oxidase/ g

Hydrogen peroxide (H,0,)

Activation of ROS generation pathwa)j

mtioxidant Defense System in rioa\

‘ ﬁhysiological responsesm

* Increase photorespiration

* Proline

|

Improve drought tolerance
and survival

o )

2.
Fig. 2.

Enzymes Non-Enzymes
*+SOD * AsA
« CAT * GSH
« APX - Vit. E S
*GR « Carotenoid
« MDHAR * Flavonoids
« Prx « Phenolic
compounds

ROS-induced oxidative

damages:

« Lipid peroxidation —
membrane damage

* Protein oxidation —
inactivation of enzymes

* DNA damage — mutation

* Chlorophyll degradation —
impaired photosynthesis

« Disruption of cellular
homeostasis

* Lower Rubisco activity

» ATP synthesis obstructs

* Reduce membrane stability
« Decrease nutrient uptake

* Loss of turgor adjustment

\Dedine in photosynthesis j

/

KRR P 2 TSR AT IS R F S SR RE R -

Reactive oxygen species (ROS)- induced cellular damage and antioxidant defense mechanisms in rice under

« Poor germination and growth
inhibition;

« Seeding mortality;

« Reducing biomass and yield;

« Poor crop quality.

drought stress. SOD: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase; GR: glutathione reductase;
MDHAR: monodehydroascorbate reductase; Prx: peroxidases; GPX: guaiacol peroxidase; AsA: ascorbic acid; GSH:
glutathione; Vit. E: vitamin E; ATP: adenosine triphosphate.
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ALY B © PUSIMEE (ascorbic acid; AsA)
BAZGREHBE (glutathione; GSH) < SOD & ROS
ERIYE — 4 (Gill & Tuteja 2010) ¢ {E
R R R E A KRB N BREHE
JEMER BT (Csiszar et al. 2005; Zlatev et al.
2006; Li et al. 2010; Mishra & Panda 2017;
Melandri et al. 2020) - CAT & & 4y fi#t #8 & 1k
G KRR BB N IR B R M - EVE M
TR KRS SR R E (Qureshi et
al. 2018) 5 GPX AR ARUERRELE » HIEME
A E KRS FHYEZ454E (Bhattacharje &
Dey 2018; Qureshi et al. 2018; Bhandari et al.
2023) °

fir A T4 S () AsA-GSH 1818 ([ 2) 2
B EALGE PRIV O BR TS - BHSEEG 40 APX B
GR 7ERZ S TUEMEN 58 - A BN R i SAb
i [ P I vE SR A ) P R 55 M (Bhattacharjee
& Dey 2018; Upadhyaya & Panda 2019; Fathi
et al. 2025) - ¥ AsA Bl GSH & &= B £ 1%
HEA SRR - HEWEE A REE
FZ ST iE R E B R K (Bhattacharjee & Dey
2018; Melandri et al. 2020) - Kt » 5@{EPLE
B HHRHEE S BLIR B R YR IR - R
i F KA B A E RS — -

EYT R 5 F RS

TE Y2 R B B 25 4 1 Y 48 3 AT R
IR - AR 2 SRR MR R il
HEEE > BEN F AR ERERR (B3
Dash et al. 2018; Oladosu et al. 2019; Sonowal
et al. 2025) = HFAIMY FMHARERE - EUEHLAER
BUERHRRFy - % E DU MRS B R AV 2
ik o B 7 T EEEC B Al nT 42 = AR R A0 > B
A JE A i S e S B e A Y R R - RIE - BESE
FABOTR BB FAHRHAY QTLs (Barik et
al. 2019; Upadhyaya & Panda 2019) » i fid &
#EHME B # LS EENN R IR ITE
(Prakash et al. 2019)

IKFEM SR QTLs ELIAAFEIR I EE PR

QTLs fE{EALNAH PR R (BEME
iR) HIZEAEE - K5 T ER e EAEA FE

rere

]

5% FH1

JREE ~ AR EEBIERIE R T - PRIt S (8l
FZ AR LA QTLs (RAR 2) » Pl EE
WIS E - TR 2KE - I RIRE R AHRH
% (Alexandrov et al. 2015; Todaka et al. 2015;
Dixit et al. 2017; Barik et al. 2019) - Hth » 7#
& B R BAYM F QTLs (41 qDTYs » qDTR;
K. qDLRy, %) £ H B 5 b2 EH
B B Fp ¥l & # (simple sequence repeat;
SSR) S LB EC B B - o] A R
AT AL R A i (Mishra er al. 2013; Dixit
et al. 2014; Ramchander et al. 2016; Singh et
al. 2016; Dixit et al. 2017; Vinod et al. 2019;
Venkateshwarlu et al. 2025) ° 4} - Barik et al.
(2019) B %3 qLRI.1 % QTLs [ fZHl§2 2 T
WGEE ~ 28 - BOEIEE - ITERRE R &K
EEWR > BUnEAeMPESE EEASEERH
V%)) (Barik et al. 2019) »

EEATZ#M T 4% QTLs B {H Y ik
ek A EEREAME - SR E MR
fehR2RELE  HE ER#ERG LR
WeBENE - Y E R BB B QTLs /21 £ 5 &
BEHRE e F A E I (Singh et al. 2016) = (A
I RARECH] A — 25 AH B QTLs #1741 &
fir » 204G G il E HELERAHES (automative
phenomics) 737 H¢ fi B4 2 B2 5% H sl B B
J& 2 /KRB R 1 b 78 B B = 58 98 Ak 1A B A
& H R G
R FEKIEm R ER

2 5 AT E KRG 88 AR R R g (L
&) 5,000 {iE F K FFHFIT > 6,000 {F# T FH*E
IR (Bin Rahman & Zhang 2016; Joshi et al.
2016) - B AN RT3 5 38 (AR 3 8
3) Wb R A E Mk E B iEEZ R T ARYK
R A B/ A AL SO ME + (1) R R AH R ¢ o
TIAE E LS A 0 IR S /KB
Ml B4 +r 5 (2) SRR EAMHRE - & CDPK
(calcium-dependent protein kinase) 81 CIPK
(CBL-interacting protein kinase) % » # & §5
5% - ABA K ROS MYFBE RAE » tRERERE)
Wi E (41 CDPK7 ¥4 CIPK03/12 % ) (Sahebi
et al. 2018; Bandurska 2022) ; (3) gk HEAH
F# © 4 DREB/CBF ~ NAC J; WRKY % 5% Ji& »
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3. JKIEHZF R T AT ~ (LB TR E -

Fig. 3. The physiological, biochemical, and molecular responses of plants to drought stress. SOD: superoxide
dismutase; CAT: catalase; APX: ascorbate peroxidase; GR: glutathione reductase; MDHAR: monodehydroascorbate
reductase; Prx: peroxidases; GPX: guaiacol peroxidase; AsA: ascorbic acid; GSH: glutathione; OsMAPK7:
Oryza sativa mitogen-activate protein kinase 7; OsSMAPK20-4: Oryza sativa mitogen-activate protein kinase 20-
4; OsDREB2A: Oryza sativa drought-responsive element binding protein 2A; OsDREB2B: Oryza sativa drought-
responsive element binding protein 2B; OsDRAPI: Oryza sativa drought responsive AP2/EREBP 1; OsNACS: Oryza
sativa NAC-type transcription factor 5; EcNAC67: Eleusine coracana NAC transcription factor 67; OsWRKYS:
Oryza sativa WRKY transcription factor 5; OsWRKY14: Oryza sativa WRKY transcription factor 14; OsbZIP23:
Oryza sativa basic leucine zipper 23; LEA: late embryogenesis abundant gene; RAB16A: responsive to ABA gene
16A; OsP5CS: Oryza sativa delta-1-pyrroline-5-carboxylate synthase; OsPIP1,3: Oryza sativa plasma membrane
intrinsic protein 1;3; OsPIP2,4: Oryza sativa plasma membrane intrinsic protein 2;4; OsPIP2;5: Oryza sativa plasma
membrane intrinsic protein 2;5.

ELREEE PR DT U RN 2 2% (Dash et
al. 2018; Upadhyaya & Panda 2019; Gupta et
al. 2020; Kim et al. 2020) -

H Al E B 58 1Y /K R i 52 2h e M & LA
#& 1 LEA ~ OsDREB2B F; OsDRAPI % #: A >
] ke HE 72 75 5 671 OR 5 BLAR Z 8 JE (Dash et al.
2018) 5 LI /KR R A RZ i 52 MRS
o i SR B SR Y fn fE ‘Mashkab® BUR BT

= 1Y OsDREB2A4 7% ¥ » W% 7k OsDREB2A4 % 7%
B 7K RN S 1 2 P AL VB AL BRI (Al Azzawi et
al. 2020; Gammanpila et al. 2025) - 55— 75 °

OsDREB2A YR &I » CAAEER S ERE
ta R K REAY T 520 (Cui et al. 2011; Gammanpila
et al. 2025) ; OsPYL/RCARS B EcNAC67 w2
FHRELEE > 4 £ 888 (Rahman et al. 2016; Kim
et al. 2020) ; OsNACS5 RIja] {g#E /K fg$e = WUE ~
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HE R Kb EBEZEN (Khan et al. 2025)
K G NAC B 55 IR 1 R R 2 it i 2 B e & F
FH 2803 R ik (5] (B A BE A S (R > 7E /K A AT
LREBEARENDETELRE SN A®
(Gammanpila et al. 2025) ; OsCPK9 T {g#E/K
Fasa b RILEARASEN 122 - OsDREB24 58 /KH
Gz FELEE W R T AU{FE SR (Liu et al. 2014) ;

OsP5CS FZMINA BN B E L E L NHER
% - R Y R 22 R 5% (Saddique et al.
2020) ; WRKY 81 OsITPK?2 71 £ B /K i 5 K
JEEHSERL 4 81 ROS ST (Du ef al. 2011; Sahebi
et al. 2018) ; FL4h > /KFG WRKY #E g% AT 11 5
FE/KRE I S0 77 T 3R 26 BB H AR Ry B

Fipl & H ¥ ABA #5% - ROS FBRE KA FLIERE
V522 (Li et al. 2025) 5 OsWRKYS & [a] 542
OsMYB2 I 35 » #E 1T #1126 {8 52 52 K2 e
» %5 OsLEA3 ~ OsRABI6A J; OsDREB2AI
FH > & FIEAKREN R K E (Lim et al.
2022) < 55— H » MAPK & H K (OsMPK7
OsMPK9 ~ OsMPK20-1 }z OsMPK20-4) 7] &1k
OsWRKYS55 R B #E 1 0 2848 1 #8 1 7K 73
MEBLELAREM (Huang e al. 2021a) - [
G KEFH OsWRKYI114 TR & {15 ABA %
B ELR—OsPYL2 81 OsPYL10 Y335 » TR
HIAFLAYEARA (Song er al. 2022) -

KGR /K #E % H (aquaporins; AQPs)
/KRR E R ED - HEZE
oy REDREETIEREEN  BREE
B Y At (Tong et al. 2025) - L H » FfiE
AQPs SE R AR BRI £ A - BIFF EH
1Y > B0 OsPIP2 SRR IERCE (M0 OsPIP2,2 »
OsPIP2;3 F iR B R Z# N OsPIP2;4) RE#
E R E K R Y B E B 4% (Bai et al. 2021;
Sun et al. 2021; Tran et al. 2025) - E 1 > OsPIP2;4
B2 3 Bl Ky BLIEEEENE Na™ ~ KT BT
INRE » BRI S ESET (Tran et al. 2025) « [t
Gh o fEM Rt > Z(E AQPs AN - B ¢
OsPIPI;3 ~ OsPIP2;4 ~ OsPIP2;5 ~ OsTIP2;1
Je OsNIP2; 1 » 1 5z 5 15 & 50 58 51 177 (5] 8 A0
FHE > B AENNEEE - HBEHSER
R E B AR B MEAR (Verma er al. 2020) - #E —
& ] F| CRISPR/Cas9 # K [A 4 5 % iy > $t
¥ osPIP] BN GEHET S ERIE > BE T 2

rere

]

75%  H51IH

£ AQPs B PRI 1F 4 47 )5 125 13 & P /Y B 68 1 1
(Huang et al. 2021b) - H 2 8RR K% R
FE SRR P E B R o HEET]
BREAERN S - FRAE 2% B 2% 4 R A
GRS IIRGLE TR - Wl Y
EEBNAE R IN R E -
microRNA /KB EMITAIAE

miRNA Z—RUNUIRGRTE RNA » 7% E iR
AR ARV R R EMHRB AR » KR
HE A% % miRNA 857 255 HHRH (Singh
et al. 2020) - Hff 7% 84 7 » miR393 ~ miR319 &
miR397 fFRZ 5 T IR (Sunkar & Zhu 2004);
miR393 iFE i 4% OsAUX] 81 OsTIRI 5225y
BE o BATEHA A R 2 E (Xia et al. 2012) < /K
fearp 55 g Bl 30 fE B 2 AHRBHAY miRNA »
19 & 2 #1 57 2 J8 £ (Zhou et al. 2010) 5 £
‘Nagina 22” (N22) F1 8 7€ 71 ffffr A miRNA -
R B 5 5 miRNA 4848 09 58 2 £ BAE
A B8% (Mutum et al. 2016) - 5 £ miRNA -
41 miR398 % Cu/ZnSOD » £ 2 i EALAE
(Balyan et al. 2017; Lu et al. 2022) ; miR160/
miR167 {E Y ARF - S B R i 4 E Z iRl
IR 2 3EH% (Upadhyaya & Panda 2019) o E 4]
DST-amiRNA 2 ROS f& & R REAHRA A A - gEfiE
AR ALBHPA B R T - B 58T F14% (Faisal et
al. 2017) > miR169-3p EL miR 166e-3p AIJELIR £
#5 K /KALEYHAR - 24 miRNA &
Fg A 7K RS i 2 AR vl B 2 B ) B TR AL T B
T HE1% S/ (Cheah et al. 2015; Upadhyaya
& Panda 2019; Singh et al. 2020) °

BT  RLIRATRINRITNER
% §& B2 (multi-omics) LRI RS
[E 4 R BB R ST % - WTH
K HFITEY) RG22 T o 7 B
P o HE T Ry AR B FERLEY) (climate-
resilient crops) Y EflE TIF » F2LiE 25T A
JE F BE AV - HiZ OH S 2 A AR
RS - EOE - AR - BEE - BErE K
RERS > SHEESEERNES N EliE
fa MY R R 2 4 4848 (system-level
drought response network ; [& 3) » [ E4E AL
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PR - (AT B S R B R B 2 R g 4 il 4
(Gupta et al. 2023; Goche et al. 2025; Kajrolkar
2025; Sonowal et al. 2025) °

7 i e i R RN A B SR A AV B S o A
AT BE Tk 20 850 R P SR R 2 R PR R (B B B
PeEeE - UH > AR5 (genome-
wide association study; GWAS) FiTfigE B IK5E
B - (HEH B R R AR 2
IS B BEBUL R PR 4E4E - BRE G RAE
JHIFF (long-read sequencing; LRS) B B8 {Z A7
#7 (haplotype phasing) 73#T45 5% » AlHEAEE i
Mif S QTL & B » i ANt BE B (Y = 2 15 =
(Yadav et al. 2019; Shinozaki & Yamaguchi-
Shinozaki 2022) = [h4h » w] Fi HI 5k K] 45 18 £
flr (40 CRISPR/Cas9 Ei prime editing) > #f %}
i 54 B# # #26 [F » 40 DREB ~ NAC & bZIP
FIEER - EITIHRE RS 0 8 E H AT R EIR
1 E S A O IR B BRI AR
BN %E 8] 43 (targeted improvement; Kajrolkar
2025) «

TEK G s G BL AU RS B & i 45 R %
W FZ R AR KRS OsDREBIC ~ OsNAC6
Ko OsPP2C » i 58 37 ~F iy bk 7K Ab & 7 AU 3 Bl
ROS X » 58 (LAHHE 2 st ERRE BT AL
® (Goche et al. 2025) - [GHF » 1F £ R EL/NZR
e S S A B S G R (AT BE HY A& R R
HAE EEMRBLS FE PR R EE - [
ETE Y)Y £ SR B 7 FE 5 2 (Hashiguchi
& Komatsu 2016) - [L4h » & E 58 52 i E
sl - ERENE S EEEFERE (post-
translational modifications) » #1HEEE (L ELZE (48
EH'EXHIER (protein-protein interactions) [
B Bt 8 (b 0 Il ¥ I} MAPK (mitogen-activated
protein kinases) Ffl B %1€ ~ B 2 Z AH B FE 2
(ABA-dependent regulation) % 5 ’E 2 #% (lipid
remodeling) » fEMEYIFZ R ES » B 55
¥ (Todaka et al. 2015; Kim et al. 2022; Li et al.
2023) - BRSPS AR A RIS » (5T
FRLIETL TR % - (U ST - REIRIAN
MR RREVIREEERE 8L EY
{5t (biomarkers) e

[EHF - 2 RG22 TN e BETE V04 HH 20 Jg R %
AT (L B (metabolic reprogramming) » DL

“Efr i N HYNFERE (homeostasis) (Lisec ef al.
2006) o fE/KFECHEG i - BURKCEBE (AIAH
Wi B K P % (alanine)) R ER AR (A0LLIZYES
(sorbitol) ~ H EZfi# (mannitol)) g K= EFE »
2 B % 0 (R € B ROS /Y75 k& (Saddique et
al. 2020) - EHBEER AR - HYHZ R
BT HERWEAE - SOD Kk APX FHHiE
LB EBRE 2 B3 A BT RS B RS 8 &
(BB &I (Goche et al. 2025) - & [ /E 4
B E#2E2 (lipidomics) WIFEHUR » EH2F T
B f5 (phospholipids) LI 7~ = HH A5
(triacylglycerols) [FEA& » AT 4 457 4 AR 57 B 14
B R OR (M E R (Liu et al. 2021)  [EHF - ff
T-REFFFCEE TS ~ BE R SF ER RS RIS
& B CEREEZ M - BUREERZRE
THHEMETIRESR AT - A HAREERE
£ (single-cell transcriptomics) #5245 H » 52
U0 5% N 8 AR (0 f 18 4 AR SR 2k 4 )
M7y T2 ik MR B e A4 R B 2 B 0 58
A IR S (cell-type specificity) Fyifl 5
## (Netla et al. 2023; Sonowal et al. 2025) o
e H A2 S22 RAE YR 5 e FE HR (it
FHELEE » [H AR B R B B S 4 T Ry B STy
T EE PR o Bk o AN (A 4k 5 RS B2 T Y R B IR [
FIE 35 T B L SR M+ B A1 S B2 R A SR
BB TR S Ry 42 5#{b (Fukushima er al. 2009;
Hasin et al. 2017) « K2 - Y57 R R IEEFH
HENERE < BRSO AEMA @ BN E R
B DV E IS Y (Velten & Stegle 2023) -
Flf - WA SREWRERNS HENBORE
BT TR 4E R TR E R HE R
B 17 A %= IE (Fukushima et al. 2009; Hasin et
al. 2017; Sonowal et al. 2025) » R7R » & 0] #&
ENFIRE - PRIk BAERE (1) B S AL
(artificial intelligence) B 2% 58 &2 5 ¢ 45
GRS H B E 494 (CNN (convolutional
neural network), GNN (graph neural network))
A > DIBRERIE 4R e BL R - BRI RA (R 5 (2) B
ZE AR ASEL 53 Mt (spatiotemporal omics) @ Fl|
ZE [ SR HEEL (spatial transcriptomics) iEHEPT
PARETEIAE  (3) RAVES - BREEILE © 458
Gl RGBS ER - BITERE - R -
IR (G-P-E) RARHEL 5 (4) ERHEAE LBt
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2 HE-RBACEEEE VP ERBEE - &
#E LW T ELEL B A A (Goche et al. 2025;
Sonowal et al. 2025)

R EEEERERR
DR EBN RN A IER S B

Ry R TE H 5 B a2 R BLE = /K E RV Bk
B KM ESEOCKR AR AKBEERE
PEHVEE IR - A AT KRN R B E AR
JBE TE i BTHRE BRI R0 - W9 H 15 DASE el
it 5B 8 QTLs BA{EEEEN » W45 & 70 TR
H B (marker-assisted selection; MAS)
it » AREAEBT/KIEREEmE - 2800 > %
it & S EARETE - A RN i R S AR
RMRE » 22BN FERR - 28
HIER IR R ) B AR A G A Y 4 R L =
(Dixit et al. 2017; Barik et al. 2019; Singh et
al. 2020; Kumar et al. 2021) o

(2 P =2 A B SR Y AN DD 2= A

IRRI £ %+ 8RR A i 52 QTLs #f
BRI o B 2 (E M 2248 QTLs » H AE4
SEmE o DRI RGN TREER
T o Hrfr o qDTY %51 QTLs L BAUENE ¢
(1) BEERE KN qDTY,, H A £ KR THE
17 G miE—IR64” » B H 57 B Y 8
& J1E2FF (Singh et al. 2016) ; (2) Shamsudin
et al. (2016) [.Ifi% 18 7 1 1 B B Tl £l fF 3
{i& it & QTLs (qDTY,, ~ qDTY;, k& qDTY ;)
A B AR PG KRG S “MR219° » HRGR{EHE
TEHZ R R VIR E £ ] (Shamsudin et al.
2016) ; Dixit et al. (2017) 7K 3t & 3 {# QTLs
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Advances in Research on Drought Resistance
Mechanisms and Molecular Breeding Strategies in Rice

Da-Gin Lin"’, Yu-Ling Lin’, Yi-Wen Wang’, Ssu-Yu Lin*, Cheng-Bin Li*, Wei-Chen Wen’,
Jau-Yueh Wang’, Chang-Sheng Wang’, and Shu Chen’

Abstract

Lin, D. G., Y. L. Lin, Y. W. Wang, S. Y. Lin, C. B. Li, W. C. Wen, J. Y. Wang, C. S. Wang,
and S. Chen. 2026. Advances in research on drought resistance mechanisms and molecular
breeding strategies in rice. J. Taiwan Agric. Res. 75(1):51-72.

Rice, a water-demanding staple crop, faces escalating risks from climate change and freshwater
scarcity, making improved drought resilience essential for food security and sustainable agriculture.
This review synthesizes physiological, biochemical, and molecular responses of rice to drought,
emphasizing actionable avenues for breeding. Core adaptive processes include osmotic adjustment,
reactive oxygen species (ROS) detoxification, stomatal regulation, and remodeling of root system
architecture. Advances from quantitative trait locus (QTL) mapping and gene cloning have identified
drought-associated regions and genes- such as the qDTY series (e.g., qDTY,,), qDTR;, qDLRy,,
and candidate genes including OsNACS5, OsCPK9, and LEA proteins, that provide valuable genetic
resources for marker-assisted improvement. Small-RNA regulation constitutes an additional control
layer: over 30 drought-responsive microRNAs have been reported, with at least 19 showing defined
functions; exemplars include miR393, miR398, miR160, miR167, and DST-amiRNA, which modulate
auxin signaling, antioxidative capacity, and stomatal dynamics. On the application front, marker-
assisted selection and QTL pyramid have delivered drought-tolerant lines and cultivars. Nevertheless,
field expression and precise quantification of drought-related traits remain major bottlenecks that
constrain genetic gain. Future progress will hinge on integrating high throughput phenomics with
genomic and epigenomic information and contextual environmental data to build multi-level
regulatory networks and robust, multidimensional selection indices. Such integrative pipelines are
expected to accelerate the development and deployment of drought-resilient rice varieties, advancing
the intelligent and sustainable transformation of crop production systems.

Key words: Rice, Drought tolerance, Quantitative trait locus (QTL), Candidate gene, Molecular
breeding.
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