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kEW, FLE, hEE

VU AR 2, G T 1 A 2 TR 8 A 0 5 R P R o B S IR S R A B2 e &, R 611130

BE  KWIR(SARE — MMM FE R G R, X G Be e N A BB AR - M9 3 208 1 5 70 SRR A B (ICS) 8
TR R i 2 B (PAL) & A2 & UK IR, IR IR 2 ARNPRASEIRGN, WOS ) JeE ) Mi . #UFg 7T (Arabidopsis tha-
liana)&% -+ FAERHEY) T ZIE L ICSIR AR & UK IR, 1051 AR 5 AL R0 R U 3 2208 PALIE AR 15 K
Mo KIILK, AT KERPALS B2 FINIRA B8, SEUKAE(Oryza sativa) & 1E 4 Hh /K MR A 3 HORE S 2 S ML
Foi e, WKL) T VRGO B Pk REERE . T, FRIE3NHETT H AL MR T K BRTE KRG S AE W h I PAL & it ig
oo ZICLABON B, ZRIR T KRS T W) e B S ST FU it e, A6 EAREE T HIA N K IR & g4z, R4S T KR
WA I I B S B B RIHLA, F&EE T 7KW R VA P2 A ) G 38 S ISP 78 A A ) i RN AR BORIT T T 17D, AU A SR 2L

WHTFURIGU A Fl L 32 A3 R H 7 1A .
X#2im

KGR, & ERE, KBRS, NPR1, Gt v

RZW, FILE, BREFE (2025). KBRS HEY GBI B: AR AR s B, MY 60, 679-692.

TEREY) 590 R 3 A 0 A B A A i 1) 1E 4K
R, EYITE R T A R A5 IR AR R A AR G
IRIE RS . Z RG] T HAGN R R A,
TR AE IR T - B A LT B IR R A SS
g3 ¥ B FE At i AR X IR ) Z 4 (pattern-re-
cognition receptors, PRRs) FLS2. CERK1 1 PE-
PRA2ZER N, MBS AE ) G OB o 3K SR 5T )
93 J5 A 2H 73 AR D 9 TR T A 5k 73 1 3K (pathogen-
associated molecular patterns, PAMPs), HPRRs
WU PAMPSs 51 5 FIRE A G 2 s S R g A 21 i
F) %95 2 v (PAMP-triggered immunity, PTI) (Jones
and Dangl, 2006; k7%, 2019; 425, 2020).
FRPAMPsAL, i J5 B4 12 Je it i 4 B & 43 7= A — ik
5 35455 #1 2% i1 /N 4 - DAMPs  (damage-associated
molecular patterns), #1systemin. PEPs #f oligo-
galacturonides, iX*4DAMPs th A {5k 2 ffd JI5 2 i 45 o
132 (SYR1. PEPRsHFIWAKs)RJ, 51Kk 5PTI
KAL) 5 — 2 9 %% I N (Choi and Klessig,
2016). 5 5 i I8 I ] A A 43 W RRORE R 1 (effectors)

Wk H 39: 2025-08-16; 252 H #1: 2025-09-02

SRAMBIPTIF A A B0, 1Zak FE RIS R 7 51 &
1] /895 (effector-triggered susceptibility, ETS) M .
T AR SR B AR G, R 2R R g IR N
ARG, GERRERNFEHE S IR A S
TR W = 4 2 X 52 A 25 8 [ (nucleotide-bind-
ing domain and leucine-rich repeat receptors,
NLRs)/1 5« NLRsii i A [F] 75 3R 00905 5 1 7 34 1)
AN DRI -, R SE R B E R e OB, BN PR 1 fike
K558 [ v (effector-triggered immunity, ETI) (Jo-
nes and Dangl, 2006; kA%, 2019; K2 4,
2020). PTIFETUHEL O FHAAR AL, 3 5 Bkl
W 5 KA/ FH (Zhao et al., 2022).

FREE T8, VNI, MR
KR SRR « A 38 % = SAS 5 ALY SR AE P BL v
PR Pt B A 5 2 E  (Pieterse et al., 2012).
K% (salicylic acid, SA)sE—FlEYIm IS KRGk
P, WARYE2-$8 5 2K iR (2-hydroxybenzoic acid),
AT EE B O RIS R, XTPTIRIETI
AL B BERMER,; KBRICEEIS TED &
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43R5 PE i (systemic acquired resistance, SAR),
TR FAEY ) it 5 A DU M (Peng et al., 2021; Wu et
al., 2022; Fang et al., 2025). % T HAE Y 5% N
W BRI, KR T A G SN 7
RIS T K EdERE, (HKREMYIY, JU
H 2K HE(Oryza sativa)ss = EZ R B /EY) T I & B
FEAE RIS A R R A e . Hal, mdh o
HPIKMEREGRIER FER2%: 7o XREHH
(isochorismate synthase, 1CS)i&4% 2K A &L iR &
fi# (phenylalanine ammonia-lyase, PAL)i% 1% (Peng
etal., 2021). A K T/KIR A 12 IR R 2
T YL T (Arabidopsis thaliana) #1CSi& 1%
IR, KABSEAEY th KRR I B s A 47 1 B
I3, 3R E 3T A A ST R E IF 58 3% T KR AE
IKFEEEAEYIH PALS USRS, TN /K IR AE AR
T b B0 U AL 22 S fit 7 =1 05 7 B Aili (Liu
et al., 2025; Wang et al., 2025b; Zhu et al., 2025).
BT ZHE R, AR T KRR YIEN K6 BOE
1, GRIR T 7K A R G Ar] A L A2 K R TS 2 S )
WEFERERE, SRt TARAER n) I e B T AR 5T U7
), DASH 9 7K A B R 42 R 470 e 2 I B Y BEAR BF T AT
T3 B A L FH S At SE B AR T 16

1 IKFBERY A R

1.1 ICSAMIERE

WHFLR Y, ICSHIPALM % /KR & g1 B 4h T
mHaRAR, MG SR A T 4R (Ullah et al., 2023).
ICSIEAL I R I 3= T B A Y 7+ AT, 1%
AR AR SRR T A BT rh R A (1A, FEF SR Ak
W, SR A R (ICS) AL 43 32 (chorismate ) F 4t
NS4y B (isochorismate) (Ullah et al., 2023). [
Ja, POy SR B AL T AR T 1) %92 B FHEDSS
(enhanced disease susceptibility 5)%% iz 21 41 i i 7,
A B i 7 B PBS3 (AvrPphB susceptible 3)f1E
N, 585 R BAE R 5 3 RR-9-75 & # (isocho-
rismate-9-glutamate) (Yamasaki et al., 2013; Rek-
hter et al., 2019). 7/ X FR-9-H AR Nl LWL #
f#EPS1 (enhanced pseudomonas susceptibility 1)
HI/E T B 40 i T2 K ¥ B2 (Rekhter et al., 2019;

Torrens-Spence et al., 2019). EEFEENZE, 77
IR -9-1r A R Tk 5 ORI A AR R, AN MR
EPSTIME /KR, HizA KIEBEMNBETTRE
EPS1 4L 17K ¥ B2 & % % % AH 4 (Rekhter et al.,
2019).

PLEF I, 2990% K %R HHICSIB AL G L, %
A B A% OB IR IR ICS B 24N B R ICSTRIIC S 24
. 1ICS1IER gt (I1CS1 61 57 KT 90% I /K MR &
B, s AR K A R & R O B KR X (Wildermuth et
al., 2001; Yokoo et al., 2018).

1.2 PALARKIRE
PALIEAZE Y & K IR ) o — B 2R AT, %8
BRI EAS D304, MFRRY, ZigkT
7> KRG % 30 [ B AE AR P & 2 (phenylalanine), 7K
2 R 75 PAL IR T A B 3K P B B (trans-cin-
namic acid), [ /5% id S Ak e B AR R F R (benzoic
acid, BA) (Yalpani et al., 1993). e F 774E %
F iz 2-¥2 1L (benzoic acid 2-hydroxylase, BA2H),
AR IR A UK IR, (H— BERBEEE P E
FIBA2H, % KHLIR i T IPALIS 12 & BRK MR 1)
AHCHE Lk FE (Leon et al., 1995; Xu et al., 2017).
A, B E 34N 5t [ BATE Nature 4% 7 8k 37 i
e T HEYIKRPALS &% . Zhu%s(2025)Lh7K
TR TR, 300 Tk 5 738 A 5 126 1 5k DR HE 3K 43 1 45
Jiik, %€ BIPAL & AR A% 1 44 5K B g OSD1-
OSD4 (Oryza sativa SA-DEFICIENT GENE 1 to 4).
OSD1 & WAL B 4 i A% 28 (cinnamoyl-CoA ligase,
CNL), 4k =X A FERR A i P A Bk i A, OSD22
7K W 7% W It #5 % B§ (benzyl alcohol O-benzoyl-
transferase, BEBT), 1k 7 H i 5 7% HH ot 4 g AZE
K H R R lik (benzyl benzoate); OSD3Je 4 R«
fis2-#2 1L i (benzyl benzoate 2-hydroxylase, BB2H),
THEAG 8 FH R R TR A2 UK 5. 7 TiE (benzy! - salicylate);
OSD4 & /KR Iis /K it i (benzyl salicylate hydro-
lase, BSH), 1K B g KA /KR (Zhu et
al.,, 2025). Liu%(2025)LAJH¥E (Nicotiana tabacum)
TR G, 4 IR AL K I A B A 4 A2 UK
BRI 3N K B i, K HT I K YL #e &% BENDBEBT 5
OSD2 [fJ§; 7 H R % fig % 1t B (benzyl benzoate
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oxidase, BBO) NbBBO-50SD3[AJ&; KR /K
A EENbBSH5 OSDA4 Y5 . Wang%(2025b) LL/KFE A
B2 ) % e 3 A R IR 34 0K B 1§ OsBEBT
OsBBH (benzyl benzoate hydroxylase)fll OsBSE
(benzyl salicylate esterase).

BT IR ERKRI, TREPALS BOEE ] HN
NUEMARTR . FEM Sdk, 73 SCR2id 200 N e
BRI 2 R B G R D R A s B Al b, A
PALIE T A2 it XA EE R (Fang et al., 2025). <
PR 1 e 1% 31l S AL 1 B 4 (peroxisome) 1, 7E
DAV AR B A i AGE B2 CNIL/OSD A A T 2B ol A R
WEEA, BE S 1R PR S B AK G B/ S AIMAY
CHD (abnormal inflorescence meristem 1/cinna-
moyl-CoA hydratase/dehydrogenase) 1L F,
B B R AHEEA (Liu et al.,, 2025; Zhu et al.,
2025). K I 2 T G G A7E 3- A 9t 4 i AL A TS
(3-ketoacyl-CoA thiolase, KAT)fI1E ] T 4L 2 H
fk4HESA (benzoyl-CoA) (Kotera et al., 2023; Zhu et
al., 2025). Bfif5, f£OSD2/0OsBEBT/NbBEBTHI{E H
N, KPP B AEAL BOR TIR NS, S5 w R 240
s, FEAE B E £ 1 OSD3/0OsBB2H/NbBBO/
OsBBHE M T £ K R Wl . fx o, 4l i
OSD4/NbBSH/OsBSE/K i /K MR, KR
(Liu et al., 2025; Wang et al., 2025b; Zhu et al.,
2025). PALIEAZHIMENTIT L 1 PALEAE & UK TR
I GEIN N, R IR TR R 7 a4 A ) H 2 v )
P, TAREA I TOA AR TR . 2@ e T 1
br EE YK IR G B FEEN “ ROR A2 IFAT” 1)
B AR

PALIRAE & K IR I S B8 BREICS i 42 5 A
k. B, HEjS KK 2D AH N (Os-
PAL1-9) AT DA% ith K 74 22 R e 2 B PAL, - 3- i It i ity
AT fift g (KAT) 7E 7K 8 bt 22 /0 24 5 [K] (OsKAT1
1 OsKAT2) %% % (Zhou et al., 2018; Zhu et al.,
2025). N HIPALEARFER ) H RSV, BFFEN 7
TE 2 PR o PALIR AR & /K R 1) = 2 il iR AT
PO R AH 2 A1, A IR ZLE R BRAIMA A1, H e I G
OSD1. OsKAT1/KAT2. OSD2. OSD3#10SD41
RAFLE PR (4, OSD1FIOsKAT1/KAT 2] [ & (A
TELREE IR L, Ui OSD1-AIM1-KAT1/KAT24¢
FHIREHRATAY & BORIE T 4x 8, BAE L RIRGE

TR, — L8 B AR Y £ 2k T OSD1 (Zhu et
al., 2025). OSD3TEHEAY A gy 5l H ILTE ] S 4 R4
¥k (Selaginella tamariscina) ™, &% 48 1Y)
H R SFAELE; OSD2A1IOSD3 A i 8 4 ) 3= B E 4 1
YRR R B, EF T Y RS LR, (R T
1% | (Raphanus sativus)Z 7 ERHEY Y, %
€ FINbBEBT [ [FJ ¥ 42 1, 1M A i & FINbBBOLL K
NbBSHIAJ5 & H(Liu et al., 2025; Zhu et al., 2025).
RO, TER A R PALIE AR 2 15 D T
Wik, Z@ARS TSN ENEEY, 4T HE
Ve HEAL = AR R ARG, SRR R AT S SOREAE H
B, B AR T W) oA Z BT R T 12K 2 30Fh
FHEY v AR ST [ BEBT-BBH-BSE i i

1.3 IKIGERFRTSHILERF

IKBRAE  HE B G I R R, O A
KRG RAEEY eyt B REER, FibHR
ADMYERE R B 3% . WY 20l kR &
FROR B 1 B R DR () 2k K R AR E MR
P, PASOK R B G T ORE A7 S IR R 4E R K IR
AR . WEFCRIN, KR & L 2 A i) 2 A g i
B DR 2 P B0 L T R 45 K B R I AR . AE
ICSE B (EI1B)H, i 5 B = Yy, st H 1
SARD1 (SAR-deficient 1)R1CBP60g (calmodulin
binding protein 60 like g)E fEH#E A /KR & &
ICS1HMPBS3 LA K 5 73 3 R % iz B2 FH ED S5 i 2 [A]
1 Ja 3 ¥, fRdbix SeBL R () Rk, KR & &
(Sun et al., 2015). 1EAKZERA R 5% 5 PRk g
ICS1, HgmhdHe K F£ ik iL 2 3 2 MWRKY K5 % A
FHIIE % (Peng et al., 2021; Fang et al., 2025).
Ik, iRk BIE IR TEINS (ethylene insensitive 3)
FIZA-ANACs AT LI ICS1EE A (1R IE, K IIDEL1
(DP-E2F-like 1)n[{ifi|EDS5/% ik (Peng et al.,
2021). fEPALE U, 4% B2 Mg s R n]
DAL ) PALsFE B 2 Rk &, inOsMYB30.
WRKY75%1D53 (He et al., 2020; Meng et al., 2024;
Ye et al., 2024). FEONAEE) S, BFFTILE % E 2K
F1ARNAZE & & FIBSR-K1 1] L5 A PALSIMRNA,
ER S R K EPALS mRNARI R, (HA0H]
Bsr-k13E K L i PALS I MRNAZK P B {2 2 1 Ao
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Q) A
Benzyl salicylate™ 4 sG

Fl1  KAHER(SA) A £ i 5 5 3 R AR it

(A) KR M6 BOS R (IR 4 SCRR G B (| CS AR FI oK TN R IR R = B (PAL )2 & KR, 256 & RS ISR 16 T 444,
DL SR ARTA. ICST: F4r oM & liE1; ICS2: Ty k& M2, EDS5: Stttz 4; PBS3: Mhikitly, EPS1: BEiLfsfs
fiff; OSD1/CNL: PWAEBLHEEAE RS, AIM1/CHD: PUREREAHBRA/K & B/ I S8, KAT: 3-Fi Bk 4HBEAR 7 i§; OSD2/BEBT: 2K Il
FH e 4 4% i3, OSD3/BB2H/BBH/BBO: % HI T s 2-#2 4L ii; OSD4/BSH/BSE: /KM /K il ER: A JBIM; 105 51 Bl o AR e
BEA); (B) /K& RN T (8 3K 7 SARD1HICBP60gZICS1. PBS3FIEDSSH: K # ik ) L Eif % A T, #%F TEIN3
1% ASANACTH LU ICS1H 2%, DEL1AESSINHIEDSEI KA. PHB3 R LIk EICS1E A, KRl PBS3HIBHE M, MM &
PRI KRR & . 3 H D53, WRKY75F10sMYB30H] LLif{E £ ANPALs#: R IA . RNAZL &R ABSR-K1 A 45 4 PALK:
Bl I mRNAJ: % /&, EmRNAZK LR IX); (C) /KR WA H (K% B 7T M1 /K ¥ R 72 4k Bl SEH ¥ 4k 2,5- — #2 B 28 iR
(2,5-DHBA), H1S3H#:1k42,3- —#ILF H [ (2,3-DHBA); #UGT74F1MIUGT76B13: 4k Ak ¥ R 2 B 17 (SAG), #UGTT74F2%%
b N 7K ¥ B8 761 T B TS (SGE), SAGHISGE 1] ¥ 12 R W of HHAT i 47, IEmT R 58 W R FE B BEBSMT 1 HH R4k, A2 il B /K 9 1R
(MeSA), MeSATT i I BB EFMESOEL AL /K MR, KAHTR AT 7ETE B 46 R iESOT1 2 (M A0 T A i =4 MK MR 3 P TE BR R TR A
BEBGHISMER T, SRITAA M (Asp)4 &, EHSA-Asp).

Figure 1 Biosynthesis, transcriptional regulation, and metabolism of salicylic acid (SA)

(A) Biosynthetic pathways of SA (plants synthesize SA via two main pathways: the isochorismate synthase (ICS) pathway and
the phenylalanine ammonia-lyase (PAL) pathway. Both originate in the chloroplast, using chorismate as the precursor. ICS1:
Isochorismate synthase 1; ICS2: Isochorismate synthase 2; EDS5: Isochorismate transporter; PBS3: Amide transferase; EPS1:
Acyl transferase; OSD1/CNL: Cinnamoyl-CoA ligase; AIM1/CHD: Cinnamoyl-CoA hydratase/dehydrogenase; KAT: 3-ketoacyl-
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CoA thiolase; OSD2/BEBT: Benzyl alcohol O-benzoyltransferase; OSD3/BB2H/BBH/BBO: Benzyl benzoate 2-hydroxylase;
OSD4/BSH/BSE: Benzyl salicylate hydrolase; ER: Endoplasmic reticulum; question marked circles indicate unknown transpor-
ter); (B) Transcriptional regulation of SA biosynthesis (transcription factors SARD1 and CBP60g are major regulators of ICS1,
PBS3, and EDS5 gene expression. EIN3 and several ANAC transcription factors repress ICS1 expression, while DEL1 sup-
presses EDS5 expression. PHB3 stabilizes the ICS1 protein. SA itself inhibits the enzymatic activity of PBS3, forming a feedback
loop to regulate its own synthesis. Transcription factors D53, WRKY75, and OsMYB30 regulate the expression of multiple PAL
genes. RNA-binding protein BSR-K1 can bind to the mRNA of the PAL genes and degrade them, thereby regulating their ex-
pression at the mRNA level); (C) Metabolism of SA (SA can be hydroxylated by salicylic acid 5-hydroxylase (S5H) to form
2,5-dihydroxybenzoic acid (2,5-DHBA), and by S3H to produce 2,3-dihydroxybenzoic acid (2,3-DHBA). It can also be glycosy-
lated by UGT74F1 and UGT76B1 to form salicylic acid glucoside (SAG), or by UGT74F2 to form salicylic acid glucose ester
(SGE). SAG and SGE are transported into vacuoles for storage. SA can also be methylated by the carboxyl methyltransferase
BSMT1 to produce methyl salicylate (MeSA), which is converted back to SA by methyl esterase MES9. SA can be converted into
sulfonated SA under the catalysis of sulfite transferase SOT12. Additionally, SA can conjugate with aspartic acid (Asp) via the

action of acyl acid amido synthetase GH3.5 to form SA-Asp).

FAHM, ARHESEKYIE S 2 (Zhou et al., 2018).
T PAL I AL 1 o (8] A 40t 1T & RO ot 31 45 1 4%
TR G 58 S N 5 00 M AR, LR K A IR PAL
B BRI AT RE S R AR . BRI KRR
Ab, HEEEE G A R TR K IR IS
MEAFHEEERH. PR AN, PROHIBITINS & & H
PHB3 W 5ICS1IE M E &%, 1EICS1IFIEdt K
24 i KA R AT LLRE [ PBS3 LA i FL g v v, M
TAE KR & f(Seguel et al., 2018; Peng et al.,
2021) (1B).

e B K R I R R DI Re M £ 2R, R
WK MR B 5 BB 1 S A A7 T2 X0 T 4E R K 1R
FoRSHEAEATERIIEN. SHRRM, KUK E
/AT 4 o FLE SR S A U 2 DAl B FEAS
[FDIRE(EIM1C) . FETCHN IR IR G, KMIRAE KR
¥2ALHES5H (salicylic acid 5-hydroxylase)fJ1E i T
Ak N 2,5- — ¥ 3 % H R (2,5-dihydroxybenzoic a-
cid, 2,5-DHBA) (Zhang et al., 2017); £ ¥ K
W, KR AT KR 2 AL EES3H (salicylic acid 3-
hydroxylase)# {t, 4 2,3- — ¥ 3k 2% /i 2 (2,3-dihydro-
xybenzoic acid, 2,3-DHBA) (Zhang et al., 2013);
DHBA 1] # UDP- i Ji& # # liff (UDP-glycosyltransfe-
rases) UGT76D1 14T bl Fe {121, FEF: 1k )DHBA
Al fe 2 5K % R & 1) = 5t I #% (Huang et al.,
2018). L IR AR YL, K& & B K IR 2 1
UGT74F1 FIUGT76B1 ¥ 1k Jy 7K 4 1 4l % B 1 (SA
glucoside, SAG); UGT74F2i& Al K /KA R4k 7K
¥ 1% %) B TS (SA glucose ester, SGE); SAGHISGE
I RIE B LT k77 (Dean and Delaney, 2008;
Noutoshi et al., 2012). K#ERIE ] 42 3 F L 4%

fEBSMT1 (benzoic acid/SA carboxyl methyltrans-
ferase 1)H 4L, A= H 2K R (methyl salicylate,
MeSA); MeSAEA kM, AT DL i 44 &R i 2 4
ik, MeSAH AT H I EEBEEEMESS (methyl este-
rase 9)¥ 1t /K& (Chen et al., 2003; Yang et al.,
2008). 7K A% R AT 75 W S W L A IR GH3.5 (acyl
acid amido synthetase GH3.5)1EfH T, 5RIT4
Z % (aspartate, Asp)4i &, A MEA Fu MR
SA-Asp (Chen et al.,, 2013; Mackelprang et al.,
2017); SA-AspfEREY)H & & R H X KRR Fa A
2 1 BARE e Rt — Pt 98(Peng et al., 2021).
BbAh, B B SOT 124 5 (1 /K M BR T Ak AZ 1 T
RE o0 D 48 FR K M R A 2 S e 928 I N B AT 4% 4R
H, (HEARHLEIE A R NG 72 (Baek et al., 2010).

2 FkAERRY RN

2.1 NPRAE&I/KFES

T RN AR BN KA R DL R B S 5 S R, BE AT
N G I I 7] 38 A4 2 T B 226 38 2R 810508 7K A R AN
SR AE ) RARA, R I — 28 T AR A4 Ik (K] 4 i NPR1
(nonexpressor of pathogenesis-related genes 1)K
F1(Cao et al., 1994; Delaney et al., 1995). ¥4 Hi4x
S HT R I, NPR1E H EZ 45 11-BTB/POZ (Broad-
complex, Tramtrack, and Bric-a-brac/poxvirus and
zinc finger)4i ik . 1/"BHB%5#J1(BTB and car-
boxyterminal Kelch helix bundle). Hi4-1~ankyrinZH %
()4 R 11 BB 45 M3 ANKs  (ankyrin repeats)fil1 />
FMH KBRS & 4 M 5 (SA binding do-
main, SBD), 1 BTBZE 4 3 AL & 14 Sl 1 £ 45 45
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¥J(Kumar et al., 2022; Zavaliev and Dong, 2024).
NPR1A] LATE B 6 S T 1 [F) 5 — 5 4k, HBTB/POZ4:
P3Ot [RR — SRR T i B R B B, Al R I E B 5
1 ANKs | WNPR1 5 TGAs # % 5] 7 (TGACG mo-
tif-binding transcription factors)ti H.AEHFT b 75; &
Ak vy 5z AP0 S5 0 38 B AT B S B0E I 1 (Kumar et
al., 2022; Zavaliev and Dong, 2024). & 45K
KI, NPR1EF KRG & LEE, W HELE G KM
R o AEAL LG R B, NPR1 & (A 1] DL E 245 57K
25y F (B Bk 4=176.7+28.31 nmol-L™"), Tl
K MR 45 & 1148 HRA32QIEAE B IR T NPR1 X 7K
VR T IG & e )1, HRIANPRIFPP R g ik &2
NPraZE AR RN K IR fIma 82, 1 —A2IE SENPR1 AT LA
HBHAKBER 1, 2 KBBRIMZ AR (Wu et al,
2012; Ding et al., 2018; Peng et al., 2021).

NPR1 & 3 275 A7 78 40 5 A4 k% o, 48
i NPR 32 22 DLSE R AR T N AF 48, 1T 48 A % i)
NPR1 U 3 22 DL AR B — AR T A7 7E(Wu et al.,
2012). NPRABHIK IR B 4] 5 A AE 40 5 v (1512),
NPRAR I 7K B2 Jim ] 47 55 K & il 3 iy )32 2 (5 AHES
ZREREE AYCRLI (cullin3-based RING E3
ubiquitin ligase)& /K #8175 T FINPR 15 2R A2 44
cSINC (SA-induced NPR1 cytoplasmic conden-
sates), 1% R &K AT BE 42 NLRs . EDS1/PAD4 .
WRKY s 18 i B 1 1 S5 A4S, H B ARAE H s A
FRE NI 7T (Zavaliev et al., 2020; Peng et al., 2021;
Fang et al., 2025). i1 5 H FINPR1IRBIK R 5, &
A ENPRIZEALIE BRI 202, AT 51 &2NPRA1
T RAGA,, Rk B 5t o I NPRA 2 3 N 48 B i
NPR1F GG a8 T H & A 170 AT RS
BRI D R B R, MR R JE NPR1RE 8 1E A\ 41
Moz 5 H R S & 41 A% 2 715 5 (nuclear locali-
zation signal, NLS)f 5¢. #E A4 FINPR1 2 (18
i 5 TGAs 5 K HAE, Wik 7K A7 BR i B 2 R K 18,
e oK MRS S 4% (Zhang et al., 2003; Chern et
al., 2014; Kumar et al., 2022).

2.2 NPR3/4REEIK 5L

FENPR1EE H 48, HEYERmIZEENPREH. 0,
PRI 2= /DR EHEH T 51 NPR1 [FVE & AINPR2.
NPR3. NPR4. BOP1 (blade on petiole 1)f1BOP2

A DL 45 K M R A 3 1 90 % ) MVA5 5 (Canet et al.,
2012; Castell6 et al., 2018; Ding et al., 2018; Wang
etal., 2020). NPR2. NPR3FINPR4X 7K #7A H ik
(1454 68 71, (HBOP1FIBOP25T /K M2 1) 45 & e 1
iR 55(Canet et al., 2012; Castello et al., 2018). Fik
NPR2T] LLH# 73 Pk B npri 98 A8 AR %k 7K 4% 2 F il )32, %
HINPR2 B 5 NPR1AALH) Ty RE, 5 I AFE FAH B
NPR1 ¥ 55 (Castellé et al., 2018). {H7531EE 12,
NPR3/4 & 1 B 5 NPR1 & B [\ 5, AL TIae 45
NPR1M f: NPRAKE R ks AE H, TINPR3/447
fii 5 M| 2 RE(Ding et al., 2018). XATfEZH T
NPR3/4 ] #2 5 ot £, % 1 NPR1AS A % (1 2K EAR
(ethylene-responsive element binding factor-asso-
ciated amphiphilic repression)s 38, %45+
10 AT e (2 2 NPR3/4 -5 JE 26 A 1 e g S 4l R B
T, BHAE R ERE B A e kg 4 - NPR3ENPR145 57K
MR RE 1A IR, (ENPRAEA HE oIk R4S & fe
71(41ANPR1#15%) (Ding et al., 2018; Peng et al.,
2021; Fang et al., 2025). WI7C K, KBRS &
A MINPR3/4 5 TGAs % 55 K -1 (1) LA Koo R
R R TREE S, HENZKAZRR W] REEE 52 mNPR3/
A 55 5 s LA R 7 B B, ARBR TR Ti R R R
I (E2). NPR3/45NPR1 A 48 s AE H B 5 —Fh
Al fit ANPR3/41E NCRL3 E3iz RiEHEE &4
BCER 3, S NPRA & A A E MR, AT 20 7K
¥R {5 5 1 #%3% (Ding et al., 2018; Peng et al.,
2021; Fang et al., 2025). NPR15NPR3/4% /K2
W) [ 35 [R] 2 35 PR AH B i 28 4 L ASE 454 P T DAAT 2k sk
I B R K IR AE 5 HRG R TR

2.3 HEKGRREE&ERBRMKGER

N RN Hi AR AT AR 6 KA R U RS B
CUA B 7034 % 5 31 H B KW 8 45 4 8 A (SA-binding
proteins, SABPs). iXSABPsHIZE % % | It &% 5+,
A A EAR . RERETEG . S H RS-l T
T 3- T e M UG . MeSATS B B 4L ik B A 4%
(Manohar et al., 2015; Fang et al., 2025). #l4n,
SABP1 & — i i A AL A B, R KMk &
J 215 (Chen et al., 1993); SABP2/ZMeSAfisfi, Al
PLIEEMeSARE1L ASA (Park et al., 2007); SABP3
JEB-TR IR BT B, ] 5NPR1{EA KW AH L AE



RFP AR KGR SIS WA BN E] i 685

LS AT oK BRI (Slaymaker et al., 2002). It
4k, E A BEEREFPP2AA1 (phosphatase 2A subunit
A1)t & —/NSABP, BRI 1 T B K A% B 0 1,
PP2AAT W R AL AR K Z s R FIPIN2, AT 4% 48
WK kKB (Tan et al., 2020). _EiRHF5 %R W,
SABPs & [ 1E 8 W B HIK W R % 1 428 38 s 82 FH A
KR EESRES BAGEEAERH, M ES LRI
JEFIRANIRE

3 IKEERNTSHIRER N

3.1 NPRINMBSHIRER NHE

IK IR A 3 I RE ) G 28 S NS MR T NPRA o 1 i
CHTR, NPRUBAUK IR G, KAEMRAZL, Nl
FRENAAZ . SR, IEEE A N4 % INPR
VIl R e Wom e, A BINPRE #5 2 57K
MR 45 &7 BE I (Ding et al., 2018). NPRIAAA
DNAZ: &6t 1, FLiit 5 TGAs FIWRKYSs 25 5t [
TEAE, WOE U S S N AR SRR R Rk e
XA B 0 85 S A OB 5 NPRA T BAE (Wu et
al., 2012; Fang et al., 2025). A% B HrE B, K
BB BOE FINPRY L SR TE 5 sk T TGA3 |
18, TR TGA3,-NPR1,-TGAS, 1) 7 % Rk, 7
ZE AT, BANPR1E A 5TGA3HAE; #F—
WO KL, SZKMRE R, HEg) 120D
AL 21N TGAsE & 1=t as-1 (Kumar et al.,
2022; Spoel and Dong, 2024; Zavaliev and Dong,
2024), H kI 5L (electrophoretic mobility shift
assay, EMSA) KL, RA 424 Ll Eijas-1 o4
TGAs4: &rist, TGAs-DNAS T 74 43 Kk AT (Kumar
etal., 2022). FARSEREY], BWIEHKINPRIUER =R
A, PIREE IS EREL & 2 A as-12E 7 I TGAs#: 5 [K]
T LA Jil % 3 16 98 2 & 15 (enhanceosome), % H &
RIB AT E S (mediator complex) 1415 A
2. Tt % #% i (histone  acetyltransferases, HACs)%%,
LR T Ui S S AR R EE R R IE, WS KRN
) %% [ b (Jin et al., 2018; Huang et al., 2021;
Kumar et al., 2022; Spoel and Dong, 2024).

IK M B T 1) I e 2 DT AN A B 455 9 2 AH 5 2 [
PASPFRR BT A B R AL s AR 55 5 il ],
Fi55 A J5T ) 3 A0 P J5 1R Jip 2 e 82 AH 5 R Rl (Wang - et

al., 2005). X L8 P 57 [ HH SCHE R A 0GRk, FTREZ
L A7 3 S R S 988 IV sk 8 W0 T 1 ok B85 K A 5 1
— MR KRB i . BRI, 3K e N 7K A7
T (14 P Joid 199 A G 25 DR JE 3 -4 2 1A R s I A
JTGHETLY (GAAGAAGAA), K # R o i 5 Rl - TBF 1
(heat shock factor-like TL1-binding factor 1)gEf5 45
B TLA IR 42 X 28 B [A] 1) 35 1k (Pajerowska-Mukhtar
et al., 2012; Zavaliev and Dong, 2024). TBF17E#%
SRR AR B RT3 ae e B e S 5 15 T, AR
HEAREZR) R, DLORRE T oS E A
MFeEs. 5771, NPRATESH A ] it 5 CRL3JE
WEEY), KIERYIRMEARER, WKk
55, TAENPRAMLET G4 %% SR AH SC 2 I
2R MK TFRIE ARE(E2) (Pajerowska-Mukhtar
etal., 2012; Zavaliev and Dong, 2024). X%tk Bt
—H R, NPRIMMUA SR ERAE 5 W0 )% [ Y,
FORF i e SRR FE L B A B R E A

3.2 NPR1FBEMHEAEE

VERIKIRAE 5 KB 2 44, NPRAME M2 B G4
S-T AR M (S-nitrosylation). BERE AL & AZ 2
WABMRALE A 1) 22 i 1 DR JS A A R RS 4t i 42 (Zava-
liev and Dong, 2024). &40 151, NPR15515617
Itz 2 (Cys 156 ) 1) S- Vil E A A2 11 (T2 B — Tt S ) PR P
TNPRAKIZE R L, AFNPRIAL T # LR,
NS Y T 9% I V. (Tada et al., 2008). KR & &
()T RN, % T A ) S A JEOIR S, (R gk i
AL E A (TRXh3FITRXh5%)iL JRNPR1 Cys156,
WA — i, (T/3NPRZER MR N Bk e — Rk
(Mou et al., 2003; Tada et al., 2008). fEX G
NPR17E & H#EFSNRK2.8 (SNF1-related protein
kinase 2.8)[I1F K & 4 Ser589LL [ Thr373 (1) ik
1, R ENPRZE N 4H % (Lee et al,
2015; Saleh et al., 2015). # A4 A% FINPR1BE R
K42 Serb5/59 1 LB AAE M, RIENPR15KZ
B MBESUMOS LA I K A Kz A igifs; 2Kz
FABOREE T NPRATE 20 B A% i B8 L X 5 TGAs
R HAE;, NPRAMEZ 2 &1t 2 H
Ser1 1150 BERRAGAZ IR AT IR, Ser11/1565 R L1
NPR1ZECRL3MEH T KBz =B, BIENPR1
e g e, REENPRAMZ L[5 f#(Saleh et al.,
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SRR T HAR, AR B R [ RIE . Sa0HE K ERIRIE TR, — 7 HINPR3/4AT] 5K R4S A, MEBENPR3/4%T Tk
R N 3 R T8 MR E . B — 07T, KRS S ELIE FR S, ETRXhS/SHER/EM T, NPR1JA] ) — 6 B R,
NPR1f# R N AR, R MNPRIZERG 5K HIRS &, WJE/ENCRL3 E3Z REHLMMEY IRANER, SHEFHHEES
(NLRs) K Bt g 5 A8 5% 2 25 T oK M R 135 5 0 40 IR 5 B (3 R AE AR (CSING), 1A IX S8 5 (A B R AR S, T IR I 4 e 0% I
Rio AN, HLETHFINPR1 & BE A] 250 B B SnRK2. 8IF B R AL (17 2 (LA TEP) . oK S 1 B B %) Ser55/991 L B IR 1k Je iz
F BB SUMO3 iz AW B 1M (4k (I T8 S) %5 R B & (1 B 1% 5 1816 1 FH UG 38 N A% ;76 48 A% P NPRA T B — SR 44
Ser11/158% R AEFBEIR (b, JE/ECRL3 E3Z kel fE T &K A Bz AU 552 RGN IE A TEUD), NPR1M R4R
HERGIRE S, 5TCASH: T HAERIE KRN N HEH 204 . 7EANAAZ N, NPR15 TGAs 5% (Rl F 85 B M0l f H e 3 5
W A EAE, TE RO KRR N5 R Rk & AR, FOWKIRE SRR A B ERNSING). B)E, 12 RIERER
UBE4/MUSE3I{EH T, NPRAFIZ AL MBIEE LK (2 N AR TEUD), RENPRAZEA26SE [ BRI T FE AR, NS AT ERAA T
NPRAEE [ 7] 752 B AR AH 6 12 RAULEEUBPS/THIMEA T, RAERIZRWAIER, MRNPRFIZ & ABRMEME, RE L FHIE
T

Figure 2 Perception and activation of salicylic acid (SA) signaling

At low intracellular SA levels, NPR1 proteins are present in the cytosol as oligomers linked by disulfide bonds (S-S). Meanwhile,
NPR3 and NPR4 proteins interact with TGA transcription factors in the nucleus to repress the expression of SA-responsive
genes. When intracellular SA levels rise, NPR3/4 bind to SA, relieving their repression of downstream SA-responsive gene ex-
pression. SA also induces changes in the cellular redox state, and the disulfide bonds between NPR1 molecules are reduced by
TRXh3/5, leading to monomerization of NPR1. Cytoplasmic NPR1 binds SA and acts as a substrate recognition protein for the
CRL3 E3 ubiquitin ligase. It forms SA-induced NPR1 cytoplasmic protein condensates (cSINC) with disease resistance proteins
(NLRs) and stress-related proteins, regulating their degradation and homeostasis to modulate plant immune responses. Addi-
tionally, cytoplasmic NPR1 undergoes a series of post-translational modifications before entering the nucleus, such as phos-
phorylation by protein kinase SnRK2.8 (orange circle labeled “P”), dephosphorylation at Ser55/99 by unknown phosphatases,
and SUMOylation by SUMO3 (green circle labeled “S”). When enters in the nucleus, NPR1 forms dimers and is phosphorylated
at Ser11/15 by unknown kinases, and undergoes mono- or short-chain ubiquitination (single blue circle labeled “Ub”) mediated by
CRL3 E3 ligase. These modifications change NPR1’s conformation, enabling SA binding and interaction with TGA transcription
factors to activate SA-responsive genes. Nuclear NPR1, together with TGAs, protein modifiers, and other transcriptional regula-
tors, forms nuclear protein condensates known as SA-induced NPR1 nuclear condensates (nSINC), which orchestrate
SA-responsive genes’ expression. Subsequently, NPR1 undergoes polyubiquitination (multiple blue circles labeled “Ub”) me-
diated by the ubiquitin ligase UBE4/MUSES3, targeting it for degradation via the 26S proteasome. However, NPR1 can be deu-
biquitinated by proteasome-associated deubiquitinases UBP6/7, preventing its degradation and restoring its transcriptional acti-
vation function.
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2015; Zavaliev and Dong, 2024). CRL3%fNPR1[1]
ZERMBm R E LR R B EE R =2
B, ZBMMIENPR R 051, WS, 2R
BEHBFUBE4/MUSE3HIME T, NPR1KJZ R AL 1E1
HERELC, (R fENPRAZEN 2 A B BET B fi# (Skelly et
al., 2019). NPR1Z AL FISRZ = AUB AT 5B 2L
BANPRIM S RHENPRA L KRS, & (1) H IR AR,
{H 2 AH O HE WA 75 33— 25 0F 70 00F 52 (Skelly et al.,
2019). NPRAIE N2 % & AE BRGS0 J5 T 1k
2 & VRN K IR T T FINPR1Z N SR 14k (SA-
induced NPR1 nuclear condensates, nSINC) (Sa-
leh et al., 2015) (K2).

2 FZ B R AR 1 NPRAYE 1 1) 2 25 (1 #11F
Jatetiat, HxHZ INPRARE 5 & 15 175 3 v DA 2
4 HEAT 2R 1 I R o A7 AE B8 — Z I % 7 K
Ser11/15 1 £ 1k FINPR1 7] 5 SCF (SKP1-CULLIN1-
F-BOX) E3iz &A1 IF-box 2 FIHOS15 B AR,
SCFHOS™® iz b 5 Bt N R IR RIS AR, TS
HCRL3Z AL (Shen et al., 2020). #E N\ & FEG 1A
INPR 18 1 1 72 £ F BEAR A OC 1 2592 R ALl UBP6/
TERS, RAEZFRWMER, MENPRZ 2 85 Al
PR B AR, Wk 52 L e S 0TS 15 1 (Skelly et al., 2019)
(B12). BRI FERY], MR R0 E A8 E B
AETATENPREYE, AITTHA CRK R 3 Y S A5
5 IR B I A RS A 3

3.3 RGREMIEEL

ARG RSP (systemic acquired resistance, SAR)
Fe 18 BRI S 0 A D00 IR AR G i 2 SR S o v T A B0
IR KT BT R A BT (Gaffney et al., 1993).
SARIIE AL 5K MINPR & 145 2%, BRI e 40
7K R A& M i T A2 3 o # 3 31 32t i = A2 SAR
M EBAE 50T, (HE&UE LK ERA & SAREE 1
M#¥aES. biE, XRKPIIMeSA, T K. 3-FfR
H v AN SR R 55 TT R 2 SAREE LI B B B T,
HIX L85 18 AR )5 5 B0E SARER A7 /E — L 5 FR
P (Gaffney et al., 1993; Fu and Dong, 2013; 51
&%, 2022). ITERIBETEAIL, WRIER (pipecolic acid,
Pip) A A1 £ P9 N-F2 5 Wk i€ 1% (N-hydroxy-pipecolic
acid, NHP)Z 4 2 Ge 3R 15 M fi v i il i) = 2R ) (5

SOy T(R M5, 2022; Li et al., 2023).

WRIE R e — PP AR R R LR, R R 17
fE AR PR, N-F2 35 DR 1 IR 2 R W 2 75 N- ¥2 14 il
FMO1E R T AE LI = W) (R A4S, 2022). KR AN
Pip/NHP [ £ il A %6 4 37 AH 5 47 75 4 B 4, Pip/
NHP 1) k& 75 Z K MR A5 5, Pip/NHP % S 1
SARIKHINPRA, Pip/NHP U] e mNPR1/E /K #
R AR s 1, 38 S K IR A T 00 e RS, H A
T #ENPR1 41 0 i Pip/NHP 17K 4 B2 A 5 1 5 925 8%
i&(Huang et al., 2020; Liu et al., 2020; Li et al.,
2023; Lim, 2023), &2, P32 3R EE AR G, 2
ERFHALTE ST ERAMR, KpKRiE—PHES
Pip/NHP & 1k, Pip/NHP{E N BE S 5 F 1l W=
S A 2 29) ES B i P U s SIS B vd i VA 0\
Wtk i, AT NPRAK 6 ) s 5% 28 gm A 05 it
it P (R 28 OB, STELSAR ST (R AE, 2022;
Lim, 2023).

4 WMERE

IK A% R 5 4] 2 IR (Salix) Jz H1 45 € 1) — Fl 2L A it
RAETE A REE Ry, HAE i g pr s e
i1 2004F(Viot et al., 2009). it 2:304EH, KBRAE
SRy — T R AR AR A AR A A0 A A A A PR TR T
NATTGGE, FLAERE ) % B v A F 32 382
KyE, MR FEA 7 REE, RIRNEEED
AL T R LA (1, ®2). SR, KT
TK A R R 42 AL ) e 8 B S0 % 0 A ) A oK B8 32
k B SEYL R I, HAEKFESEAEY) (& R )
REWFITIC LU BB =, R ORHPR ] 77K IR A3 A4
G S SLAEA T 2 R IR A

H AT TR, IKRRAE e RHE AR+
FAERHE Y & B AIE F 77 sURT REAF AR R 2 57
ICSHIPALZ MY & MK IR (2 5% - B4, TUFS
T EEES ICSEAT & UK IR, 1 KRS ) 32 2 i
PAL&AE & BUK R, AR T Th A K R & B BUIR
B &2 E R G T, KR KR AN
P AR H A & 520 i B AR G 52 I AN K (Silverman
et al., 1995; Wang et al., 2025a; Zhu et al., 2025).
K, JTAERAE T F e R K BIR & 515 557
SRS RVE . T, FREFRMITA 51 )% E
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PALIEAE & BUK BRI AR o 1) 2N Sk lly, 357 T K
FESEAEM R ECR SE B MK MR & O B, NG SR
WK B R AEAE ) S 3% (AR FHBLIRL S LLBBOK IR A
T P S SAE A RHE Y AT AR+ AR RHE ) 1]
() 5 [ B4 5E 7 ZE A (Liu et al., 2025; Wang et al.,
2025b; Zhu et al., 2025). 57— 7T, KABERPALE &
BT EAE S I AABE AR N SR ) N2
HSER, B R AR 0 HR R AR A A ] 7E X L 2 2 ]
HIZIEANE R, AR IS B A 7 5 e FIRRF 7T . b Ah,
PAL &A% [ rr (] 7= ) Js 20 PR AR TR A0 2 & AR Joit 36 11
HAAS, A5 2 X RELAAD P 928 S AT 12 [ LA B
BUREAER . BFFERY, M T R AR A
IKBRIL 72 A RO T 2 B A P2 ds R 1R o 72K FE
bsr-k1Alrd6-6 58 A8 fc I R PALS S 3 [K] [ ik
AR R A R, (HAE KR A B(Zhu et al.,
2016; Zhou et al., 2018); {Ed53 KAk, FFIK
PALSZ i 3k [K] 1) 205 5 22 ) 959 K i /AR IR K &
H(Ye etal., 2024). FR1, AW E K ERFIAR
JR 2 A B A B K A B8 FH AR J5 2R 0T A8 40 B 9 12 1) BT
iR 5 1) R v AN 7 A

IKFER AR KR S Bk m, HAKMREEAR
993 & 1 12 G B 2 2038 (Zhu et al., 2025). HE
IK K R AE 7K HG Hh AT B LUK TG PR T QA7 78 it A7 T 3
SO A A5, DALR B JC 0 5 B 2% A0 T s ) B
PERFIE BRI 53— Rl RerE 2, KAEHKMIR ]
BE AN W S I N I R B 3, H T A I R Rlis
WA RS S RN 4R, HIRHENNE 75 Bl Se 1
A ) K B RS 5 IR HURI A% 34 T 2 5 22 R AT 72 4
RARE. Bz, RA@EERNE KSR 51 %
PGS, WHKMER S eGSR, 4
RE L AT ) & FloR] FH SRS, KRR 3 A
P IR S FE R L T B B Pl SE Bk

{E& Tamk =R
RFPC WA BT, BB E; AL X

BRUSCER 55 BB, [ B S0 B8 IR 3 0B L.
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Salicylic Acid-mediated Plant Immune Responses: From
Metabolism and Perception to Immune Activation

Xiaobo Zhu, Liyin Wang, Xuewei Chen’

New Cornerstone Science Laboratory/State Key Laboratory of Crop Gene Exploration and Utilization in Southwest China,
Sichuan Agricultural University, Chengdu 611130, China

Abstract Salicylic acid (SA) is a natural phenolic compound in plants that plays a crucial regulatory role in plant immune
responses. Plants primarily synthesize SA through two pathways: the isochorismate synthase (ICS) pathway and the
phenylalanine ammonia-lyase (PAL) pathway. The synthesized SA is perceived by receptors such as nonexpressor of
pathogenesis-related genes 1 (NPR1), which subsequently activate immune responses. In Brassicaceae species like
Arabidopsis thaliana, SA is mainly synthesized via the ICS pathway, whereas monocots and non-Brassicaceae dicots
predominantly rely on the PAL pathway. For a long time, understanding of SA biosynthesis via the PAL pathway has been
incomplete, hindering research on SA-mediated immunity in crops and significantly limiting progress in crop di-
sease-resistant breeding. Recently, three research groups from China independently elucidated the PAL-mediated SA
biosynthesis pathway in crops. Building on these breakthroughs, this review summarizes recent advances in the study of
SA-mediated plant immune responses. We primarily focus on the biosynthetic pathways of SA within plants, the me-
chanisms by which SA is perceived and activates immune responses, and discuss current challenges and future direc-
tions in SA-mediated immunity research. We hope this review provides new insights and perspectives for both theoretical
studies and practical applications in crop disease-resistant breeding.
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