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Figure 1 A schematic model illustrating the molecular mechanisms underlying salt-alkali stress responses in Arabidopsis thaliana (Created with
BioRender.com). Upon exposure to salt or alkaline conditions, extracellular Na” induces a rapid increase in cytosolic Ca>" levels, which are sensed by
calcium-binding proteins SOS3 and SCaBP8. These sensors activate the protein kinase SOS2, which subsequently phosphorylates and activates the
plasma membrane Na"/H" antiporter SOS1, thereby facilitating Na* efflux. This core SOS pathway is further modulated by phospholipid signals (PI,
PI4P, and PA), 14-3-3 proteins, and PP2C-type phosphatases. In addition, SOS2 phosphorylates downstream targets including FREE1, RhoGDI1, and
PIF transcription factors to fine-tune salt stress responses. Light signaling pathways mediated by phytochromes phyA and phyB, along with hormonal
pathways involving ethylene (CTR1), brassinosteroids (BIN2), and root developmental regulators (PLT1/2), are also integrated into the stress response
network. Moreover, antioxidant enzymes (NCA1 and CAT2), ammonium transporters (AMT]1;1), and metabolic regulators (UBP16 and SHM1)
contribute to ROS detoxification and metabolic adaptation under salt stress

Yyidad BURENa /H 3 e s 2R . BEBR AU Sh SR
PUBEINRE . WO E ISR T IX Bl HSL T 2RI

B SCEEAE R, B H A o R 0 0 i R T VA PR AL ) ke
E T ngintE, X —id #2Z5S0S2-S0S3

(RS TR SR
22.1 JRFENa"/H 3 m#iE 2 4%

RO ZETR, B B AN /H 13 [ s 8
SOS 1B R IE,  MATT R A7 BH 1k 4H L A Na " 25 - F1
BEEREE. Guo NI I8 /R T SOS17EER M

A RIBIE AT, Zhang 5 NP o 4544 A4 W4 5T
XFSOS1 A4 i i 25 #4935k (cytoplasmic  domain, CPD)if
150 R BT, R IHAD S = A BB EER I i
IIREAYTFD (inhibitory functional domain). % SHAERY
CNBD-like domain (cyclic nucleotide binding domain-

4275



M4 Z b B 2025598 F70% L2558

like) A Kz 4RI ZHREAYAL (autoinhibitory domain). F
o, IFDIX i 5 ATX PME, 4ERFSOS 14 FARTE MR,
ER I fil & SOS2BETRLAE G, AIX L, f2iESOS1
%A, $TFNa/H S e R ([ FE RN,
SOS UL SR RsEHESH o & ¥ 1, Chen® N 221% 21,
TEREE AL AARAR AR 20, SOS 1A B Tl 4N
JIAMERBEEE, LASLTE AR B i, A RSP B X AR
RN X B2 F (E1). X —DREHIS T GSO1/SGN3
AR EEA R SOS2FEHLE], JEIL T SOSH FEAEZS
B J2 R 52 2 R
222 #frRH 5 FUEH -ATPaseif] 1=

Jo S ) RE 1 o 25 R 7 SR A ) IO Xt R A )
ems, Horp BRI AR L AE 4 RS IR H - ATPaselii 1 |
VAR B i rh OG0, FEAEIRA R, BEIR
Pt AU (P )20 41 1 R RS H - AT Pase i 1k, KIS il 2 it o
JIEE b B AR R, XS SR R
8B R I ZE SR 38 5 N PIJA T H - AT Pase i 14 LA
LS R S UOS | A5, 3 i 8 AR (1K 4 N 7) 31 -aa o =P 1 DR SA!
R PUL AL B IR LB 4-BE R (P14P), 1% TN
HilH -ATPase, MR+ G M, HwR oM, 2
ST GRS R AL AR R, BRShNa T/ H W 1) § 18 RS
HOTAE, (ISR ORI, b, Lisg AR,
BENRIR (PAYYE MR IMAE 547 F, BEWS 5508245
A, RHEETR I SR BRI, X — T, PAAN
{UERETA T, OTERERE PR I 7 rh ke 21 32 284 H,
s S 2 SRRt 5 iE. Yo NPIR B,
EhIE N PARENS LS A I UG MAPKSG, IS IMAPK6
REt B AL SOS I #ENa YA MHE, B2 FHIE 1 (A T 6
A1, BEIRTS 5 5 SOSIBR M UM E S, AL TIAS
55518 s 10 1 B — AR N 2 SRS . FE VRS IR T
T, WEASHRE L P TT SOS2IG M A BB 7, fEi#ESOS1
A FHINa FMEFAKTIA- KWL, 4EFNa /K
iy, r—HZmETEEEL. B, #iERshs
AL EIES SRR E R, Rl sEs 2%
BT, OREEANMAE R AR N YRR RN 5 B T
223 HAERL @M ANa XKFEW

W R YA N R, RINE B TR
B BEMNSARARER S L ERE. fEibhE
T, YA EE R TS, SO N SR
bR, R TR, Lings ANSE gl Y 5y
FastfeE ik, R T RGNTEER e T i sh A2 kbl

4276

il 5T RoR, RSB AIET, MY A1k
MEHFHT, FEORARER D EIE M. X —2 A
B PR TR AR AN /H Wi n) s 25 A e, A
RN B IR ARE T, XA A ER 1 EA R
(). B EE A, Linds NPLE LB, 7eihiin
T, AT BERNH R R s R SOS 1237 Ay I
T 07 28 YR B A 1 200 B Na " ) N 32
iy, SEHINa MR AR RS, X —id 7 i SOSHE i (1 2K
FHMAFSOS2KE I A, X L2k R WISOS2AUAE T
L RAEHER I RE, 102 5 IR E B AR Na TR .
BARHLHELHE: SOS2il iF /£ HFESCRT (endosomal sort-
ing complex required for transport)-I& A% .04 53
FREE1 /RS, BH 1 Z 3R (multivesicular body, MVB)
S5 E M HEIMVBH PN /N (intraluminal - vesi-
cles, ILVS)WIE AL, HEMACHER IR K 5IESE
I, AR I A9 SOS 1A HE 1) 22 IR RIS, 2 AT 2503
ST 2L Na (2 ph s i, JRARA AR 1 i S
S = 24251,

23 [ESREASE S

R0 W8 X FE ) 1 ) R AR 2% T 22 A B 1) A B
B, A5 S PR AT ME LA T . AR A e i A
GG 5B E RS, FIHSES . BES . MER
AP RS SUME A, KSR A M e L AR
e 5K & E W sh A
231 FHEEEHLEREL

B AS 5 F(Ca® )VE L 40 M 9 1 S B4 — (5
fiff, ZEERBRPIG BN 515 5 S R IR OVERL. 2R
IS TR Ca® T, X —A LA fih & SO S i
P, A P AN B AR B A, A e S S DiEe.
H AR R 2 2 2 L BA R A 9 8 7R T SOS3 A&
SOS2 B R -, W HLAEERE T, il 8515 = 440 i
ML m I E A S SR . B A B R OF
ZER AT, e S HOHHED LA o A0 i A i e e PE
MILZ T, sos358ZIRAEER A F 122 B B IR
L, S A v 2 5 HLAY 2 6E SRR A, Zhou
2 NPT K Lin A Guot* 4 Sl e g ac £ 14 F i m T
T2 B 2RI TR LS. b aa F 8 2 KR Ak,
PKSSHAREHERR AL T U 2R 85 7, DTSl 24
IR, VRIS A0 A B . A A e S A R R T
22, WERER RS AN MO BT, S RERZ 4 N 55
S RIS LA S s i S5 e e fE. 3 — 7



ISk

1fil, Zhao% N*VE BH, Arp2/3 (actin-related protein2/3)5E.
LN SIS S X €225 s 2a ) M i D B E ES 7 TR N
8B PR e fL (mitochondrial permeability transition
pore, mPTP)FFHCIRA, 2= 5ERIMA T A4l iz 4
5. XERMML TR e m O AR L B AR,
25 L ATR, B (5 m T 2 B AR Ah A, SET PR
SR T A A I ER B0 A AR S D ReEIE NY, R
HARTN TR R At T A A
232 AEEF5E5 A

AR EBENAEFE S Z—, MURE THY)
POCEVEACE 5K A BE, W55y %)
X ARk, B RVDGEEZ 2% ML i sk A+
FEER P10 1 225 3 B v 4 B DR TR A B, MadE
NEUR IR, SR P EL G K phy ARiphy B AT 5E o 1
5 SOS2UA R M, (e JEER e T i Eh S py ik, H
PBLIE I, phyA/phyBERFDGAR S )5, fE#ESOS2TEL L
NGk, HEBEERILPIF] (phytochrome-interacting factor
D)FIPIF3 M i s IR, sz RALREA#,
BT it b 2 R A A0 (& 1), Han%E AP —25 %
B, SOS27EL Mt 26 14F T ik REERR {LPIF4 5 PIFS, X
TR A Bt S DR 30 5 3] 455 AT 40 T 28 BF) 2 45 ) ke L S g
(shade avoidance). TEmEEh¥r L, @i HEPIF4/5, F4
VIte s EIL RN, BRI DErse friE i AR
K, RAetRE A AR, R TR S ARG
FEHEA IIE N SR I (KT 1). X R VIR, $hihia AL
OIS B TR SPUAILE], R FZREAOLAMET
MR BB IR, SCOEEE N 5 IR LA E Y 3
AT,
233 HEEFTHAEK-MEHA

PRI . RERR . FRER . AR
SR BT 5 4 R 8 MR S T A AL A A .
Guo NP2 KRG ATT1/2 7] LA 77 5 2% 2 e
K, IIMTZERFSLRIEE F AL T 455 &, P HROS S
H3K27me3 I EEAL/K T, fHK RS B S il PA a8 e
PE. ARG T SOSIH I 5 MR 5 5 28 R,
hy PRAEAE DI AE SR ORISR T anfey B A K 5 3 hy 22 4
BT, Lise APIRBseia R T SOS2E M it
R OCEE R, Bl BRI A R (5
5] 1 L 42 W R Ak £ 05 15 538 I 1) B 0 9% - C TR 1
(constitutive triple response 1). RIS ICTRI1FLMAE
TWPE TR, SEMIARER X T 37 5% 5% [N 7 EIN3 (ethylene-
insensitive3) NI, L3k K5 S @B AEIS. oG

SHESRIG, $EE TN ERAR IR KT, BT
YRR MRA T Z & D). 5—)5m, Lige ABYiRdR
1B, GSK3ZEIMEFBIN2TEW L S5 T Al AE R o0+ %,
TR T Ay 30 170 16 452 SO S 4 R i 61, T A Joly
EESH (AN M RO, (A% OFA SR S8 b 3P | SO 1 L I
HEREIR S AR (). SXRORS 4 sh 25 T B 32 5
T REYIAE AR R e B BE R T A N R R RE ST, LA
TR A B P R REAE A7 B ZER R K. AR, Hao%s
ANPw s, SOS2im i BRI Ffe e TR ME
AP S HE % B A FPLETHORA1/2(EIPLT1/
2), MMM TR RIEE R 58 F R KAe T, A
0 24 5 0 D AN I R A A A T 0 B Y A B L Al
(E).

LEA KT, A 1 TS A LK SOSTE Sl % 561
S WMEGTHFERE ARG SR RS, Sl
TR R A A v Ak LK o B BRI S O R . X e
3 2238 BEAE HAR R AN R T A AL X S B B
R B e o AR A, T T A R TR 2 AR R AR
FEFE.

2.4 HUEALR; S CHHE

ARG AL D iR S E A, IR
AN TSR KA R, ROSHE A 41 L Y (5 4
A, TEBEIA AT VE 5 5 012 S, (HYSRER
i 2 R EUR B AL . S BRI RIDN A,
F A R AMEAET . BRI, EREMME N AR hE LR
TR GRS SRS, SR A RS . e
T 3 ) S
241 EHEFER AL

FEERBE G N, MPIIRNROS (A A BT 10, .
HEAEH,0,. #£ H 5 OHS) A il B s TR F 1E
HAPAE, X FECTROSHIREFR. N T WX Ff
AALES, MY R TR R G, AmHg AL
BEEIEPE . A TR A, LIERRROS, R4
Huz A . Lige APOER, 20 FAEENCAL (no cat-
alase activity | )7EN R I H R TECE SCHEM (0, Bl 1
R E AL A BFCAT2(CATALASER) W IE i B fa e b,
MTAERHZ A B PREE T B PE(ET). NCATBRR R
ARRTEER A T L H I CAT2 15 M KIE T % . H,00k
AR LU L U R AL, B T NCALTEDT 4 L
B A R FP G SCERETIRER. 5341, ZhouZE NPTR Y, 2
ERFYEE HEEUBPL6 (ubiquitin-specific protease 16)
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it 27 ZAE R E 2 &R LB RSHMI,
7 TE) B 75 W PR S(ROS) K (1), ubpl 6575 1R,
SHM 15 85 [ fif, FBH,O.F Z3E M . 85— Ay ]
A ER P N R X — &R T H A RS YR
ROSENA A A EEAMEH. BACRE, fiEt 2
. ZHMPE RS, FEERIUME T A SR
ROSHIT EERLER, G4 it fo sz S Ak, TR CR i il
WAE SR IEH 1L S
242 AFEmAMHER

EN SIS NG ) =R A o THE Y Y e i w7 2
SERb AR R, JUHR R R S, b T e
B A A, AT R AR LS, AT I
BROFIHRE R, DA A K R B 5 R il 4 X

HERZMRWT I, Mafe APYF R R, #ESR
(NHOBERE AT LS 4R T e b e T i A e Bt
SOS2 P RENS WS IR fb 2 s B FTAMTL; 1, 345 HLTE
PE, MTAEHEHE 206 NH, I B 2o i (81 1), 811
FUEA B T AN B B HAH T, RIS A e i fy 44t
BRI B R SRR, TEAE RS SELH, 1S
SR T B TR S S BRI R G A ) i B A

TERACE T T, ZhengE NPOURIE, WHIELAL il
QUAI S 5 M LRI (5, FFREmikf QI
SEL. QUALZEARIRAE SR Whif N I i SRARLE A 27
1. EARES) T M B B BRI . X A, meA gt
RS AU S BN UM, R EHESS THEY
Xof ER B AL A TR 2 B

Sz, FHAE A AR RS R R 2, S
Jila R ARSI, B T AN AR S T R S5t
AACBT B K, DT 7E SR B0 BT b e 5 AR A S

e
2.5 FESePERAHLE

SRR e SRR H H TR B IRIREE P R AR,
{E 2 AR 0 A0 B P 5 T A7 A B L DX, R a
SIRBE A F3E, MR (S pHPNE ) W45
ANEEINT A0 P9 S p HAR S TR APk K. S5 Na i L)
IR A AR LY, BRI T B 2 AR A 0 2 SR
FIAS I X, RSB £ (UTNaHC O3 fINa,CO5)7E S |
E SN EpHAY R, 84 1 HCO5 /CO5> S4B 5
7, FETT T 6 B A AN P S TP, FEAE R
WA R, TR T R B A S 1 AL .
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[FIHF, AEAR R AR & BRI 1, At R B Al R
[REINCUUSER TS
251 A R AL

B aE E  E  EE Wp HT 5 (G B 8.5),
XAMLBEAR 70 FOCR (BlaiFe . Mn, Zn35)Ryml
PR, 0 ELFEMEIR T AR A0 T 5 240 B (] %) p HAS: B
flis, ST | B I LR AR R AT
R =5 B3 L H R R 5 X Bt 438 WM, Zhang
25 NIV B0 w2 B e AT LR RS o D 55 PTP2; 1 2K 14 B
A 8 17T 45 HL O 149 8/ MHE K 532 1) A A0 %o i Pl 20 1) s 2
PR, WSRATIEE GEfs 1 08 o SR B ae At 327k, 1
Gb, BEE ST, ARG Y T -ATPase
TEPE, ARUERTFAME, DA AR AL A i N pHAR
. R ERL KA A IR AL 5E, SCaBP3/
CBL7(#5/%%Z #+SCaBP3, M FKCBL7)TEBMM A S
BEfE BN A PR I H -ATPase AHA2RYTETE, M TAE #F
PIRGIF AR, 2R #4544 T, SCaBP3 5 AHA24,
A, WL E M, MZERPA R, SCaBP3 M
AHA2#ES, FEBRXT T2 094, T i o B H -
ATPaseifith, fEEH AN, FE(IRIESH, S YIX) =
BRI A TR 2 P, A, YangZE N gE—2548 8 T I3
(Dnal 2 F-FR 8 P ZE R e 7 H VR . J3RERS
INHIPKSS BB, PKS5E H 1 ot 45 i I H - AT-
PasefYIIfiE. FEmRA T, L HIPKSS, J3[E4EMEdE
T2k, S5 T AN B pHAS A5 I fiE

DL R IR, A o BN A pHAR A, S S
JEZ A o TAAR MO g, R AR B -
ATPaseifith, Xl —EPGHEAMAIBIE N E RS, 5
ER P38 LAHERRNa N 1 SR MEANIE], B o 25 B i
TR IR WS S MAMNRAE R, A YT B 43
THER.
252 MEAEKEE

ER G XTAE AR R R A T WA, e
FERR A HEH S (root apical meristem, RAM)EET
. AU R S AR EA B . ETIRAR
HYIRBUK M TR DT, L, SREFRR
)5 P X e T B 4 FLA B O PR .
Hao® NPVE BN, ZEERWa 200, SOS2AM NS 5B+
TSR, 030 B IR A AR e i 5 I FPLT LA
PLT2, ZEFAARAR AL TAETGYE. PLT1/224
FEMR AR | A DR AT 43 SRR 1 10 O e T
K. SOS2-PLTALHLA B R T ARIS X I 4 iy dp 252
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SR, YT R R IR AR R A K S
PERBET A SRR, S FREBA T, LindE AR
H1SOS 238 33 ¥ 75 / NG TP RFR OP2 K Hi i 45 K F Rho G-
DI, GRS THREBMMIEL K SP R@EN). 7EER
AT, ROP2IE M i E s, dEmfEdER B, A
By KR THRAGWCEE R, BERES TKISET
FRIFREER. IRAb, VR R 99 o 65 o g tho e AR A A i
[ EAN Al e s (Y N ROV 2 M S N
B RE Sy, TS E A e SE T B T HE B H (WS0oS T,
HKT1L; )R & g fifl, dE—248E 7Y
BRI SRR, BT, FEAE AT SOSIE EEH RS
TanfyEtE . (EERBARKIFEPAMME RS, S
TR SIIRE N ER A, L8 TSR T
GRS A L.

3 RO ERERIEMA I 2 T-BL

FORMER BN E R AR, BAR IR = KA
MR ERBRAE 1, 5 ZESETH B TR RS RE 1 . BEM
By BAMEARERE S . SRR T RE S SF 2
NAENT- AR, ZAEEORNSEN A . A
By . AU A R B A 55 BT A AR
R AT F R ERBRAL I SR AE T ) SRy, EORTH R
Sy AL AT IS T 207 T S .

3.1 VAEEHGENa A MIESHLE]

Na' Bk b S ERFEENWHE T, Hit
Na SRt T KT 2 3l 2 E 2. £KkS0S
{Z5 34 ZmCBL8&ZmCBL4-ZmCIPK 24a-ZmSOS 1 fig
LA IEARNG ANHE, D> TOKAR 5 1 1 AN & 5, 2
mEOK A e fEER M AT, ZmSOS3
(ZmCBLS8&ZmCBL4 )40 i o iiff 25 Ca v FE 3G N,
JF5ZmS0S2 (ZmCIPK24a)tH H.AEHE lZmSOS3-
ZmSOS2E A1, BEMRILZmSOS 1 H-3# 7% HiNa 412 1%
PE, AEHE T RAR AN SMIE (512(b)).  F 32 RLH65
1 ZmSOS 1) — AN T Y4 bpliltde FEHNa
18 I TC A ZmS0S3-ZmS OS2 A A, i T2k
TLH65RER i e s AR v Al KA
AR BAIESE, TR ZmSOSIFEH A SEL T
2480%I1Na JCik MR RAMIEZE L 3Erp, e T
ZmSOS 17£ T K AR BN a FhHE = 5 v i S .
ZmCBL8" —1~3091 bpfLTR/Gypsy 5 % 53 JiE T4
A, BT ZmCBLSIEH G 5K, SEEMNA T £

K Hb 1N i W, B Zm CBLSIW G 5 5 5 A
SRR IRAS S0 H 3 R R H M - 3Na S &=
FEARIT 30%, K BNIZIL S 5500 A8 S AE T R 5l F oK &
A BRI Ligg AR R I T E KSOSTE
SRR A FZmSK3 . ZmSK4 RE i 1 41
ZmSOS2 ARG M 7 P45 TR ARV, 145 2 745 &
FHI1ZmSCaBP8EEWEIIE ZmS OS2 42 #F £ K if £
(E12(b)).

3.2 PAFEATU S Na HIZNALH]

Y/ N 7 3 A AR R X B 5 T K G TR ER 1 &
KHEE, NaFHaE AN SRR SE Na HZR 2
filNa"F AR A bRz b, s Hh b Na T R G
AR, T EL R EH AR SR A BE T QTL
(quantitative trait locus). GWAS (genome-wide associa-
tion study) 7434 E ] T = AR ERE T L ES
Na & BEMQTLAE RN ZmNCI/ZmHKTI ;1. ZmNC3/
ZmHKTI;2MZmNC2/ZmHAK4. =331 F K AR tp A
[l v RE A 58, B AR BT A T N e 2
JE BB AR, A7 2500820 1 Na ™ AR B 1 b 3 38 5,
PR AR T 1 E N MR, HE5E T R oK i 26
PEPAUIE2(b)). WFFTEIR, Chang7-2"ZmHKTI ;1%
AN T A E—A> Gypsy/LTR RS S F e TAf ., 1%
HAFE T ZmHKT L LRI AT &0k, M S8T
Chang7-2AY R e B BURE ). ZmHK T2 F—AE
[l LSNP (SNP947-G) i E$EF+ T ZmHKT1;2Na 4%
B, SRR WIAE, SRR T R EE A NaHE
FREEDT, R T ERAMEREN). ZmHKT105V 0%
PR IE TE A EARA R, HEIRIKRALRT
10 6.1%, (HAFETERIR, FZmHKT1;2N LA 3
S AL R F KB, ATd AR SR a1
Na' & AR R1A80%, FIIZSGO L H A B4k
K dth Ay A BRI O 1 ok AR,
ZmHAK4N % T HP I —1~12586 bpiii A 8 H L 5K
SEREAG, ML EBNa S G, #5H A R Zm HAK 455 J
I S L R R AE SR 38 R i ML B Na B 8 Hox iR
R T 40%. /INERUKFEH I ZmHAK4[RRIEH, Hk
ISR B R B T s R Y S ZmHAK4 = B
AL, XA JIHIER] T ZmHAK4JE T —2EIhfeffsr H
FEH RN iz ). ZmHAK4RIZmHK T 1L [
PEATER A T Na K I B s e A, (A A A B
e AEAE 2 5, ZmHAKATEER Uk BE R A 3RS B
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Epidermis Cortex Endodermis Parenchyma Xylem
(&) Alkaline stress (b Epidem Salt stress ¥ vessel
% \ 4 a2 \\\ S~ B <—zmHKT1;1—
car Ca* ZmRR1 } N
At " S A L
o, Vs ZmNSA1 l \ i ZmSnRK2.10
\‘ .
" - ZmHP2 — _
6o, : Ca 3 @ < zmHAK4 —
<-ZmPIP2s— ' : ROV =
Te—— L ZmCBL8/4 : ZmESBL1 ®
- - \
g Antioxidant genes \ ‘:ZmGIPKZ*(a'
9 268 Ner ® @ S ® <—zmHkT12—
,_> proteasome = zmsos1 < ZmMATE29
TN OITONUG D Sy ot
ZmMHAs A \ | ZmSK3/4 K
] \ g
( i,
- ‘ ,‘ ’. o S— & <—zmHAK11
@ —|H-ATPase—> ® \ / B e & L L)
\J Y —ZmMATE29—>
ZmNSA1 & <iaATPase @ & < ZmHKT2 —
& @ Cytoplasm ==
Bl 2 FOKIZERGINA BRI RE. (a) ZERIMA ST, AT GHEE IR AEECAS, Ui 0% 200 i I | (/K 30 2 1 (PIP2) IO B R Ak, [ fIIL

HO/MIER P, BN ROS/AKE-TH G, k1 il ™ d R R ). [RIRY, Ca® 5ZmNSA 1254, HiA T Hl it 268 TR (H MEIA N iR e K,
HEMTHE INMHAs 0% Sk, AL M. (0) FRETRASTHRUH ABFIT k. B4 : SR AT FhIh0 £ S B B Ca™ Wk BE 1, ¥
HSOSfE i, MMIHEHRZMSOSIA FAMR AN SN, BOZAMML: HHA G CUARAF) AREZmRRUKRAEREM, A ZmHP2AY I 7F .
ZmHP2A- AN R A5 5 AR SR ZmMATE 291 % 58K, AR HECTFEAR B 2 ANt = 1 X B, AT B3R AR, R ok
MERYE. P2 AL SR R ZmESBLEL SR, AE#EILIH R B gL I RO E. il REARASRE feid 22 i Na Tl BAMAR AR
MARGERHR, [FIRH Rt 3N HEF, S TR ERtE. R AIME: Na B2 H A (ZmNC], ZmNC2, ZmNC3FIZmHAK 11 EA 5T
B AP Na %3 2 ] Rl THEBE AN, DATTTHE B T oKt B P8 Na HE e 1 KT

Figure 2 Molecular mechanisms of salt and alkaline tolerance in maize. (a) Under alkaline stress, AT1 pairs with the G protein B subunit to reduce
phosphorylation of PIP2s, and decrease the H,O, export activity of PIP2s, leading to increased intracellular ROS levels and an alkaline-hypersensitive
phenotype. Concurrently, Ca>* binds to ZmNSA1, triggering its degradation, which subsequently increases the transcript levels of MHAs, promotes
H" efflux. (b) Progress in the study of the molecular mechanisms regulating ionic homeostasis in maize. From left to right: Epidermal cells: Salt stress
elevates cytoplasmic Ca®" concentrations, activating the SOS pathway and enhancing ZmSOS1-mediated Na* efflux from roots to soil. Cortical cells:
Under salt stress (high CI” conditions), the degradation of ZmRR1 is initiated, alleviating its inhibitory effect on ZmHP2. The cytokinin signaling
mediated by ZmHP2 enhances transcript levels of ZmMATE29 and facilitates CI” compartmentalization within vacuoles of root cortical cells, thereby
promoting shoot CI™ exclusion and enhancing salt tolerance. Endodermal cells: Salt stress leads to an increase in transcript levels of ZmESBL,
reprogramming casparian strip (CS) development to enhance CS barrier functionality. This process prevents excessive apoplastic loading of Na" into the
root stele while promoting shoot Na* exclusion and improving salt tolerance. Root vascular cells: The Na*-selective transporters (ZmNC1, ZmNC2,
ZmNC3, and ZmHAK11) located in parenchyma cells facilitate Na* transport into these cells, thereby also enhancing retrieval of Na* from xylem
vessels under salt stress conditions and then promoting shoot Na* exclusion

Al RIEDBEAR T 1 mmol/L NaCl), MZmHKT1H7EEh
e P A it R HEVE Y80 mmol/L NaCl). 1e4h, Z%F
5% A A M T ZmHAK4BHIF 5 161 V8 12 HoNa s ia
DIRery 4> FHLH. 7EER M 2&0FF, ZmSnRK2.9H1
ZmSnRK2. 100 BB P, iS5 ZmHAK4MH B
VB FH % W B Ak L5550 22 E R (Ser5), M 48 3%
ZmHAKA4FINa iz 162k, fedk ENa HE+ f koK
it 67 SZFIE R R ZmSnRK 2. 10i) KK 8 7 5 E
KT £R P AE BN, ZmSnRK2.1055 81 X —4
20 bpBRIFFAK T ZmSnRK 2. 10¥)5% 55 /K-, T FRAR T
KA ERPELTI(FI2(b)), I A R R R
TR ER AR AL T B N8 e JR S
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AW EY, NHX. HKT. HAK. CBL}CIPK
SESLIN S5 M DA AE PPN 32 5 Tt J B A,
b 2 A B 5T AT A 5084 K F 38 R A3 K]
RUEAR P RAT T LR SR R P 174 FE K 1 14~6234~
SNPZE S U8] JA0H7 T i BESNP 5 R A0 B T £ K M |3
Na' & & 2 (B i Seictt, R T Fokp 5 EiNa &
ARSI AR A SNPAOLE, X A T ZmHAKA
ZmHKTI;1. ZmHKT1;2FZmHAKIIBER KRN, 155
KIR, ZmHAKIA 3+ FRISNP1781748 5% 5 F oK Hb -
AN SRk ARG, Eha & T, Jash
TR SNP1781-CHZmHAK 11 1) 5 35 (R 71
ZmHAK 11SNP73CH T K [ 38 R ZmHAK 115 58KV 2
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T, Mo FIN S L E AR, ZmHAK 11378k
57 3 PR Ay e B K P T m PR FRAIE T Y Rk I
P,

3.3 HUM U ITENa 5 @i bLi

LG 2 A A AR PN 2 2 A0 M B A8 1) 15 SR TP
PIRPIR IR ZE 4, R Z DR RBHWT Fioc it A
SMAE SR T R AL E RO K2R A
5 A BA S 22 T — A X £k il 38 8 U E ok A S &R
CIMBLA45, Jf Mgk 7R Eh e 3L K ZmSTL 1
(Salt Tolerance Locus 1), & ImtiBDIRFK % #E FHZmESBL.
— AN PARH LA A TE I CIMBLA45 T ZmESBLZ [ BH%11)
PERTL AL, DTS20 T Xk 2 S e B 12
ZmESBL/Z—AS# el & B IE RN, @i
YL & & o] e demt k. ShMNa T, ZmESBL
FIRIKF BT, AR K Z PR, IFTERRARET T
N R JZ IR AR, s A T LA BRI RE, AL
FH1ENa " 28 i AMAIE AR SE AR A, 870 T Na [ b -
Wiz, SRR T M N U, WS T FOKRMY
M ER N 2(0)). (ECTERSE, a0 R ZmESBLSE
AR H T AR Na " e A A AR R T 1K 500%,  ERJH
W ALB S TCIEARTE, RIS ] IR R oK
T N ER A R R RN, Ak, R ZmESBLYE
ARG ST A [R] R S R 2 S EILIGAHE &k & TRk raa
N2, 2P ZmESBLAE HE T EE ML ZEAS R A & )
SPAEAERY UL SRS ki i e L A T R R b
YEDD TR R A T BRI RN R B8 R S 4%

3.4 PEFEKTHICT# gL

ERRAERT, MYIRNKYRE BE TR, $5
K'/Na"FbR Ay, PR, KRS RE 1 RIRE 2= ¢
FEL PER KA A B T A A EGER RE T
EERK S A R AR bR, IR AW22HIK 4 B AYRIL
FEAUES T T S, i QTLA M s v b T
PEEIZFEMQTL ¢KC3, ZQTLYFSHK T25 1 iy P
iR HZmHKT2, XtEe b LK B ok
(TN Eh v HA TR R, Lo AR R R B T h e 1
SRAYFANE2(b)). EEKRALRZW22H, — R
Y75 F(SNP389-G) FHZmHKT2iE M N %, #Emifdi15
Mo K B, WHERPEAR R, R R B
SNP389-G 1] fit7e T A Yk it b2 3 T k%),

ClUEER b B & B A 7, FoRIIR

HENCSREE THF, HILCT RIS iz &
T KT R o8 A ) AL ZmRR R —Fp AR
MR 3RS R, Bl A R R 4 RS AR 1 ZmHP2
HAEFFASI R, N ORI R R G LS,
AR TR L ClU %8 8 ZmMATE 29/ 33K,
P TRRECL R B 7EAR B 2 A it (2 17 b [
CUHEF A £ (#2(b)). ZmRR1H g — A HE R
HAZTFF IR 2 A ME(SNP307-T) % T ZmRR 15 ZmHP2
FIAEAEH, [RIBS5S T $R M8 T~ ZmMATE2 9% % 5%
KRTE, FEOEZCUILIEME B0, ML
T R ST 2, fE L g2
S F B HERR SR 5 ORI S M A — A B S A SRS,
0 A 30 S G SR CL e PR R el R KT S M p it 2
RIS FIATRL S .

3.5 BHRaPERERLE

FRTENG T, A IERAZ oA i S 2 3 S A
RN, 4515 SO R BN TR SRR, A
Na FaZSHEss . 16 M55 1B 88 2k 45 S5 R 30 3 17 AL
il E RO R A WS A B 3 GWAS 73 Hr 4
N T AR GUE T oKD N R A A QTL AL K]
ZmNSAI(Na" content under saline-alkaline condition), 7%
LR it —A 578 EF-hand S5 sk i Ca” 45 5 5 H, 18
S R EH -ATPases  (MHAS) 35 A0SR G800
2, RO ER BRE 1Y 2. — M T3 UTR |
(4 bpit 2k SB T ZmNSA TFE N FImRNA B R ACR
A%, A AR L. HE— 2R R, SRR i
KM B BE TR, 5 B 1455 ZmNS A R4 H Bt
26SH [IBHAREAR, T8 G IH - ATPase 5 MHA2FI
MHA4335, INTAE BERR AR BTk, 1458 B Na ™/
H S [ 5 R G, SE M HEAR B Na S 2 11
W, BESREOR AR B T 52 M O (E2 (). B —
BEFRY, —FfGyEASSERE . K. K
SRR T SZ M. TR 35240y 5 SR E R B
N RRE R IATSETT, W GWASKEE R T — N
T 2 SR A TS SZ A I S S SPAT T, A s AR LAY
GHEEFIy AL, 54 = S RO BBV 52 1. FEmsihan 2%
R, AT15GEFPILEERCXS, /0% 4B F K
I E H (PIP2)YBERR AL, FRIRIHH,0 M, 2L
AP ROSK T Fh e, 3 1 i ™ 2 (1) i A e 70
(K12(a)). MBRSOATIAE F A By [RIIEE W3 fn 1 &
KX RN 8 TS 2P, IS A R Ui T 52 14 2l
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RLERAL 1T R B

3.6 HAMIERHLEI

R E T RE RN A R AR = e
K AR, DTS R R B8 BRI, AR A AR
TOAH (8,3 R R I HAY (LC-MS)XF 26645 K [ 58 & 15
X BERNER e T AR AT T AR A AT, ARG F
T 336190 ZFSE LLER 0 A B S i H
KEAEN KRB B E PSR R, XT4040Eh i b B
Ja B EK AR B EK R T E, 2 HPLERE 2
Ik, I 37 B B baprAr . L
CAT S RN FRR, T Y 2 L PR 4 OCEK
SIHT(MGWAS) %2 T 22 1] i T2 B e St EAh i
SNP, FfEITCATEM R ZmCS3 . B f il
ZmUGTL) }P450% 1 ZmCYP709B2 I HEAS &, S
SEACIPR ) B B R R AR S I . — AN
FHI) = BB SNPREAIE T ZmCS3 TR FH £ 14:,
i —~E W] A8 T RERG 3 T ZmU G T i& 7 A it 25
PEPOL ZmCYP709B25E— 4~ PI 5 FH Y50 bpliit 2k [
T HI KR TR R, KX = AN R A
B A7 R A A AN HE T i SE AR BE R ) AS &R
AT LA AR T B K B R R

Liug5 AP 1 b 3w 137 32 X (19 e QTL Kk mi S 4K,
WP mQTLs A T4l & 4341, KIZmGB 1K) ER 0
eQTLs 5 R Wit TR B VM. ZmGBI14
55 H SRS A B VA DG C-4 55 it F LA AL,
1 FIRZm GBI H S AHY) H 2 RS & i, B9 &
KAHT T EE. AN, Liang2s NP2VR I, ik #3523
PR A UL R Zm GolS 11 . R UEAR FHE AL R, iF
T A R 0 J0 20 X6F K 9 A K s o o 0 ) 1
— ML FZmGolS A BT HISNP  (SNP302)it iR
1N ZmGolS13RIKIKE-FAG 05 & A8k, MR 23
ANFEFEK A R MR 25 5. 5 37 & 4 SNP302-
AWIZmGolSI AR SFILR AL, RO ZmGolS13ik/K
T, MR R L, dEmiR R s, e R
FIASNP302-ARI ZmGolSIHE T £ T AR & v BA B if
(14 o7 FH 5

2 B3 S AL A 1 I (mitogen-activated protein ki-
nase, MPK)ZUKAF S FEAH P N FE A4 Py e i ft vp
HEEZEM. HiiE#E R TMPKAE 5 Rk R 5
TR i 57 PR T GRF 22 (8] A AH AR FH REAS A2 F K
i 27 £ . BT A PR 36 RE S 1 3 ZmMPK 3 (1)
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PR TE, R #EZmMPK3 X ZmGRF 1465324 9144
MR AL, HEmiR R AR ARErE, R
/N T ZmMPK3-ZmGRF 1EHAE #E T K ER 5 0] A 1
PR AR ORGSR, TRBIR ST R 8 T T R A KA R
FEAE T 3T 0 S IR RN TR A () FE PR R,

el 1 — AT I I8 F H A TR AR L1 (Arbuscular
mycorrhizal fungi, AMF)5 E KR R EAEREWS AT
TR ERPE. I S B — S FoR R AR 75, B
ANRELE T A ER R LI AR R AT, WA AMEE
AP S R, s 75 A0 SR AR AR R A S
Zm00001d033915 (fix44 N ZmL75)H—1~1340 bpiksk
TR, 1 DR A S, T A B I A = -3 - R
SR, IS S5AMEFEM, WIS T TR LR
BRPECY. 2T R i R AR R S M A Rt
ERPESRAL T HR AL VSR HE N PR, HAh, Zheng
G, TEERIA 5T, BPA R O 2 MR AR
T 0 B T T S e AR P T A e LA 5 | e YL P )
i, SEAEHEE IO T AR AR, Sl e ek
HA AR Py ihan B4 T He S D,

4 REEhes

B A ERER B A A RR YR, HaER ik E
BRI 2 lb T RS K TR B PR, PRI A [ 2R
SCHA AR A ARG, EERIA b i 42
{COSER, AR A T AR LY R 10428, HiT5120504F,
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Table 1 Similarities and differences in salt-alkaline stress tolerance mechanisms between Arabidopsis (Arabidopsis thaliana) and maize (Zea mays L.)
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Soil salinization and alkalization are among the most critical abiotic stresses limiting global agricultural productivity. These
environmental constraints affect more than a billion hectares of land worldwide and significantly compromise plant
growth, development, and yield. The resulting reduction in arable land and food output poses an escalating threat to global
food security and ecosystem sustainability. Understanding how plants sense, respond to, and adapt to salt-alkaline stress at
the molecular, cellular, and physiological levels is thus a pressing research objective with profound implications for
sustainable crop production and land utilization. Here, we provide a comprehensive overview of recent advances in
elucidating the complex regulatory networks and cellular processes that underpin plant salt-alkaline stress responses. It
highlights the mechanisms by which plants maintain ionic homeostasis, perceive extracellular signals, transduce those
signals via intricate pathways, and reconfigure intracellular architecture to mitigate damage. A central focus is the Salt
Overly Sensitive (SOS) signaling cascade, which plays a pivotal role in mediating Na' extrusion across the plasma
membrane. In particular, SOS1, a plasma membrane-localized Na'/H" antiporter, has been extensively characterized as a
key effector of Na' efflux. Recent findings, however, reveal a novel intracellular role for SOS1, showing that it can be
internalized and trafficked to the tonoplast under salt stress conditions. There, it facilitates vacuolar Na' sequestration
through a pathway regulated by the SOS2-FREE1 module, integrating signaling and membrane trafficking to enhance
subcellular Na“ compartmentalization. Salt-alkaline stress also induces significant remodeling of cellular organelles,
including vacuolar remodelling, mitochondrial turnover, and endoplasmic reticulum (ER) restructuring. These structural
changes are essential for maintaining cellular integrity and metabolic balance during stress adaptation. Selective autophagy,
especially mitophagy, is increasingly recognized as a key mechanism for the clearance of damaged organelles and the
preservation of energy homeostasis under stress. Additionally, reactive oxygen species (ROS) and calcium (Ca”") signaling
operate as core components of the stress response network, integrating environmental stimuli with transcriptional
reprogramming and the modulation of stress-induced programmed cell death pathways. The review also emphasizes the
critical role of vesicular trafficking and membrane protein sorting in stress adaptation. In particular, the endosomal sorting
complexes required for transport (ESCRT) system orchestrates the precise localization and recycling or degradation of
membrane proteins, thereby influencing cellular ion transport capacity and signal transduction fidelity. Advances in
genomics, including genome-wide association studies (GWAS), gene editing technologies such as CRISPR-Cas systems,
and transcriptome-scale functional analyses, have facilitated the identification of key regulatory genes and alleles
associated with salt-alkaline tolerance in various crops. These discoveries are being translated into molecular breeding
strategies for developing elite germplasm with enhanced resilience. Looking ahead, integrated approaches combining
multi-stress regulation, subcellular precision engineering, and synthetic biology are poised to drive the next generation of
salt-alkaline tolerant crops, contributing to the sustainable use of marginal lands and ensuring long-term agricultural
stability.

saline-alkaline stress, SOS pathway, ion homeostasis, Zea mays L., salt-tolerant breeding
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