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Advances in regulatory mechanisms of plant resistance genes

SUN Bi-Ying, YANG Lei-Yun*, DONG Suo-Meng*
(Nanjing Agricultural University, Nanjing 210095, China)

Abstract: Plants are constantly threatened by various pathogens, which poses serious challenges to agricultural

development and production. One of the most effective and sustainable strategies for managing plant diseases is the

use of resistance (R) genes in breeding resistant plants. The development of broad-spectrum and durable resistant

crop varieties depends on the identification of R genes and the understanding of disease resistance mechanisms.

Significant advances have been made in our understanding of the mode of action of these R genes. R genes are

regulated at multiple levels and this intricate regulation plays a crucial role in balancing plant growth and immunity.

This article delves into the regulatory mechanisms of plant R genes at the DNA, RNA and protein levels.

Additionally, it offers perspectives and valuable insights into future engineering and application of the R genes in

breeding new resistant varieties.

Key words: plant immunity; resistance gene; gene regulation; resistance engineering

NEAEAFAAO A R BRI, BAEK
Wik e e, K& R w51 & IR FH AR &
AR R T B R RS H R
2] DL i K 22 0 JE R BV, (ER 25 AL
FAXE NRAE R SR A2 T ANRIREm . (Rl, BEE
AT R APUIE B VEYD S b S O $5 A
R ATHRFEE 9% ", HURFEIA (resistance gene, R)
YENEE B B A B as A e, O i R 0 S
53 W B T 5 JE ] (avirulence gene, Avr) UE HE 1) 2K
N2 53 F- i R 1) G 9 I S (effector-triggered immunity,
ETI). 1905 4, WFFLA G E RN PRiE | R 5
AL, IF B TR 7% R BRI HUw Th e J7 1 s A%
S Mo 20 tH40 50 AR, HR 8 I IR S JBR 4 1 S
[ A2 BN R 4 S MU R B, Flor™ $2 T « 3
PRI 3L [A] (gene for gene) fEi”, RI4SEHT R JE R 75
FAEY 5 4507 T L Aver e DR R0 S5 A 4 BAE I
IR 1994 4, FF2 SAEA T v o b 1) 28
—/MEY) NLR (nucleotide-binding domain and leucine-
rich repeat receptor, A% H R4 G 45t AN ST R
BREEIXZEESD ) RIURERE N, FEMFEIT
NLR 5055 K RPS2 gl s fi . JHHE N 5[5 ilid
WAETEEUR T p50 AT X M8 F A6 7 75 (1 41
PE, U EE T RPS2 il i IR 5 AvrRpe2 FOE VIR T
BB R Y 2S5 NIE, £ BH 400
MU R R s e I ek, b 2 AN PUR R B
FF- P db b (1035 B IR R B R A7 RUR T,

A i i 2 15 RV BB PR R 1 LA R B B 5
JEZE R, HUREER AT 7 AR R (£ 1), 2
70% CLRIE 00 K 4 i NLR.  HULF) NLR 25

F N 3y CC/TIR S5 #4388 A% H IR 45 & 45 0 35
(NB) PAJe C A3 ) & 5 2 B P 41 (LRR) fg >
fr CC e TIR 4, 6473 NLR ZE K ) N i 45 4
7& RPWS A, 1X 2% NLR #i Jis & K] 44 #§ NRGI
ADRI WiZsHE R 5 Mo (R FE A, #4 NLR
AR TR 05 R 45 M 38 (integrated domains,
ID), Z & MIRZ 5 R 0 S5 B 2 il 1R 208 [R] 7 ik
TS R S v U AN, A R A iR
FEAE GRS Bk 2 N i Y C g i 7 i 2 25 #4380 ¥y NLR
PUREER U, B NLR J$HUR 2R 4F, £k NLR
KPR O RIE (R 1), W APURE IR Pro
Yuht— A 22 R / I3 = ER U (serine/threonine
kinase, STK)" ; F it BRI CL2. CF4. CFS.
CF-9 % i J5i 55 52 A7 (1) LRR-TM 828 1, H N 3 g
A LRR %5 ¥ 35 Fl1 C it %5 I 45, (transmembrane, TM)
e B2 s NGB R LR Stb6 Yt —A 4 ik
RS2 ARG (wall-associated receptor kinase, WAK) ;
INEPLERRFE R Pm24 ZtS— > 3 BEEEE (tandem
kinase-pseudokinase, TKP)***",

W, EYPURSERKE I N RFER T
T, HEPURE RS R e H S RERKKEE,
XA R W RRAPR SAE KK E RS £
JRB ARG IIEOL T, B 2k DR A 4E R BRI 2
KA IE HAS TEVEAHRPIRAS, 8 308 s 25
X EKKEEANE W, a0, £ IT
SNCI Djfe3R1F1E RA AR A, P 5 K1 R TE 7K Je
TETEIN S BB MR KN M A4E, S5SEFR TR
B s Fralad & R OA BRPUR 2 N Bs3 8K 22 Bk
SEIR Rph3 2 S8 A AR PR e T B0 R0,



ERE Y NEAE, AF: REABURFER I AT 7T R 479
=1 HURERER)ER D %K

e ZERRTY PO K] R

NLR CC-NB-LRR ZARI. SNCI CC NB-ARC LRR
TIR-NB-LRR N. RPPI TIR NB-ARC LRR
RPWS8-NB-LRR ADRI. NRGI RPW8 NB-ARC LRR
NLR-ID RGAS. Pik-1 &R NB-ARC LRR D
Truncated NLR RBAI. TN2 TIR or TIR NB-ARC

STK Serine/threonine protein kinase Pto. Pm4 S/T kinase

LRR-TM LRR-transmembrane Cf-2. Cf4. Cf-5. Cf-9 LRR ™

WAK Wall-associated receptor kinase Stb6 GUB_WAK TM Kinase

TKP Tandem kinase-pseudokinase Rpgl. Yri5. Sr60. Pm24 Kinase -

TE: HVIREHGHIZFEE . RIER TR )59, FAXHIIE 1 SFERIE D (A [F 45 R AR AL R 1

TR 5L ] (KA R AN A2 2 T U ) T B o s i 1
fptrt. Flan, SEEURIERE RB KT 5
HA- 5 M BUIE 2 TBAFTEIEAHOG B R, 78
5w R EAI AR AR T, A R 2k RS A
AT 2%, R RKT . e m K BARER F 5
G LR B R R S U B e N B i E O N TR ]
PO SAEKRE (B DP, Aol EZE % NLR
U HE R Rk 5IEVE R NI AT IR, AL A
Fe s 1 5 AR I ot RWBAL 21 . mRNA
L FEAE BT D) IR F2 1 2 RARF IR L. sRNA /> &
R RICER, DA K R B UK Bz R BERR b
SRS, I RS IX L HLHIAE AR RV DU i
Fe B R R N A 5

1 Rk

P 2 R 1) 2H 2R S 1 S i R e R IR 5 1
Thae BHEAE P, KT LRI B R 5%
“F (transcription factors) DL S 55 %% 5% K7 45 & 1) Il
AAE I JCMF (cis-acting element). [t 2 4b, ALFE
DNA f&1fi (DNA HI3EAY ), HEEBm (HEQ T
i, olttb. ZEA) DG i B AR AR
I8 A% A& 4T 0 7 B0 228 PR 1) 3 s i 4 b R ¥ B
EH

1.1 #REFFE

s R il o 5 XA oA e e 2 A
TR i vE,  TEAE YA RL 5 1 12 e it FE p iR &
FREHEREH . WRKY S 25K 5 A
TRIEZ—, R RES S NHER BT
W-box N AE H Jo 5 3 R 3 s K7, fEREY)
P b k4% AR ] PV, Mohr 25 B R B W-box T
HEEY PR R B3 7P s b B w48, Hol
FA FTPU0w B K] RPPS 1) J8 2l X 337 £ =1~ W-box
FeRp, IF HAaZ N B R IE 52 295 [ B SOK MR B 75
S BB = W-box I fEE G, PR IR
RPPS [ RIE K TEMR R H S LR, SE0E
WIHUE I T B, R IPUR EE R RPPS J5 3)) 11X W-box
Bt T HRIA K Lyt oS BA =EEAEH, [F
I W-box 7£ #7195 5= A o () O 57 £ AE IS 7~ T WRKY
3 S TR 06 T P ik DR 3 ik AR e 92 1 4% 1) 7 A
RSP, BRI SR TR P FE IR e S R s v
RIEFELZEH . KIEEEEE OsVOZI il OsVOZ2
A48 A L HEPUR ZE I Piz-t (3L, DAIR & Piz-t
SRR ™ RPN SNCI Yk
R AR KA G (P B e X, @ i
1% sncl AR BANE]FIRK1F T 24 mos (modifier of
snel) SRAAE, KILMOSI @it 5% 5§ TCP15
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A
BFRKF
—>  WRKY
7 R B Bk \
KBRS WRKY
Promoter R TR
CH3x MFRIA
H3K4me3 H3K9ac H2Bubl  FALIEAETEE
B B TK5
“mRNA
\Coding mRNA e . MRNA
'II'“qul. ANANANANANANNANAN
.'vvwﬁﬁ;k—ﬂqyu Q&A
\ e
APANL 55,
o AS
MRNA
PPN AN
‘exonA exonB AN
NN - - A
o n— “exonA VU, exonB AAN
MR SRR AT Ju—

NLR

Bl fHumEREEE A AR E
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gia a5 SNCI J3 37 (W 45 & ik i ek SNCI
MFRIL. BRERRET 24, Z2MITREITFRAT
Ui AF G 5 DX AR XA o6 1 i 3L [R] i 42 SNCT 1)
ﬁji [41-42]o

SRR TSl OE R SaR ST N Ve
B, WMESHERER “E&55387 B, EUhH
R —Fh “FER T IAE R o, TR
T I 55 R 1R 4. TALE (TAL effector) #& — 28 i
Y 25 B TR (Xanthomonas spp.) W% i€ I 1 % 5
DRI 780N 47, I 45 B S (I i A 47 8 256 1R 11
Fik, VAR SR EIEUE J1. AR, AEYIBUR
B A 37 X — 2R 5, BN R
B TALE &5 &R i bum s R ik . flin, Bkt
I 3 5] Bs3 JH 2))F X 3803 40 HH 35 5 i B TAL 248
971 AviBs3 455287, B I A 40 WA 1) AvrBs3
BENFEDIANL, 456 FE0E Bs3 3R, M5k
WHYPUR RN P AT, CIRE 2 AN PUR R
T IS 5% B9 JR R WA B TAL 2808 4 1 ) e %
Wiz, WK R B Rph3®Y, KAE A RS R
FH Xal0. Xa23. Xa27%™, DL K BB 3 R
Bs4C & 141,
12 RMEEFIFE

DNA H B b 42 = M st A5 KF B gz —,
X—EMAEE T TR S5, 5 EERIE R
V)M G W 9T R LAY o B R T2 A7 A
DNA H 34k B, 3 HiZB s 5 0l E P
ST A R A K T R BL, RS
NLR Fujp 2 K 29— A7 78 F IR B, i T3
MIER . Hdr, 245 90 M 24-nt [#) siRNA
], HIX%e NLR %K 1R IE KPR B ARIE,
F W] H: 52 RdDM (RNA 4/ 5 ) DNA H %14k ) N &
LR TBR 2 O BRAFENALKToh, — i
H IR ) 23 A2 1 5 DNA H 38 fb A% i i B A 6
IKFEPUIFFEH PigmR BN NG IR AN [F] AL /N Fh 2
eI, (I R AR BRSO T A KR
K&, [F—07 s PigmS A2 5 PigmR H.
VETE il U5 — S AR I 4] PigmR A>T F BT M o
W75 K L PigmsS (1 2H 25 S PR 15 %2 RADM 4%,
- Fr i PigmS J3 311 X 3SAF AR 50 R R A 7K S 9
HRIEERBAC, TELER 12 R ) R A 7K T2
fiX, WkREER S, B EEARLAL S Pigm
1) 22 K 7K T S B KORE 7= B R0 0 2 1) 1 - 4
IKFEHUR HE R Xa21G B3+ X IR A7EAE 5mC 34k
B4, SEETERIE, MENTEF LT

AR, W Xa2lG B3 X8 3R AL A K
SHEAGREE, R T 8RR 0% A8
Bt e SmC R IR A S 1 X 0 3 IR ) 0k b
BAWREIRE, wKBIREE IR Pib JE3T X
I SmC W RAAE M S Pib (12234 7K T 5 EAH 9% PO
DRI, A [RS8 220 B A A2 T 5o e i 22 TR f1 3R J%
Diae A EEREMER, =K F A1
RE 0% B I B3 225 DR 1 B S K7, ok 2 4 i 1) e =
HFE, MIM4ER IEH AR s MR, 2400 5 B I
o B 70 2 DR R aE i F AL A i B & Rk
B, DRSO R e R g Bl

HEE AME AL MR I B A B o R R A %
FhAv s, PR, ZWib. TR, X
AG e T R 4 e € 5T PR DR A T T R 4 s TR 1 3Rk K
FaEtk, EEYNAERKKE KIS S m R g R
HAEEER, i, H3K4 5 H ATXRT
38 3 5 B R K] SNCI LA J RPP4 I ) H3K4me3
K HE SR T AT R IE, 33 T B 0L e 5T ) 7R A
fopetE Bl R A LRSI SDGS 2 5 %1
T LR LAZS () H3K36me3 &4 7K DL 7 4 38
W LAZS #esgeimite, #E s ) s B0, mig
U ARG 5" K AERIEEX (SUTR) (1) H3K36me2
J% H3K36me3 759 Jf B 12 Jeid b B35 w 4L, F3
ARG FiIEIK- A 52 = s M B 5 e
1 R B W R R, ARG FE A H3K36me2/me3 7K
PEAR, FEEERERIEKFRAC, T IR B
A e Atk B 4L (A 26 NLR 26 [ 1 %A
W EAWEEER, #lan, A% OBLE (HDACs)
HDA9 5 HAEH& 1 HOS15 BEm ¥ 2 MU IFHt
IR 1) H3K9 L WA AB MK, 3 i 42 o 5
R IE LA BIFUR 54K & B P P Brikz 4,
E3 7z &% #H:E HUBI F1 HUB2 /5 SNCI A7 25 _F (1
H2B Z %Ak, 1R S R G gt SNCI 3RIE, IF
SR [ IR Z B SE R % SNCI iRk B,

ot Ji IR AR AR R E | A E A R e, 2
T g B R B AS B/hRd d EE E BL KX B
DNA 7 FRAM . Jdt i EBEE A mi
JRE BN H R, 7 A PY KSR . SWISNF. CHD,
ISWI A1 INOSO“", T 7t & B Y 11 5 5 %8 5 & W on
FHURE R M RE LG HEEHTIEH. BAF6O &
SWI/SNF Jutt i s 35 G ) h it — N, w]dad
ATP JK fift 77 4 (¥ B B 7£ DNA | & 7 #% /4K 7,
Huang 2 ) % #ll BAF60 7€ 1l 74 7% o #) [A) V5 25 &
SWPT3A Res 454 B 2L K| RPS2 J& 81 [X 38k 1 4%
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H3K9me2 /K7 LA RPS2 (315 5 2499 5l 14 12 G
i, miR3440 1 siRNA-SWP73A Il ] SWP734 5
FOZFEF PR, LGS T RPS2 IERIE DL KA M
TF PO R M. Zou & 1 B e €5 R B 0 AR
CHRS5 /E>N CHD % i i ¥ E AR WAL, AT i
BME 5B %, 2 51115 SNCI FRIE K. 1Ak,
FLEF I+ SWI/SNF Yt i S ¥ 2 A& SYD thoE et
JFR K30 SNCT fly#E 35

2 RNAKTEHE

F P B AR AR B FOKF, FER SR
Ja K ERAEAE 2 R TT S sk E A% (post-
transcriptional regulation) #&$5 & A E RNA 7KF L [1)
WEER, BAREHE pre-mRNA 12 5 B 1R b Fl
PN T mRNA FIREE MR HE. RNA T4 3
(o 3% FE DRI U R 4G 1,
2.1 EFEM S RERER T

% 5% J5 mRNA 7£ polyA Jii 2 i ] i £ % BUA
F AL E, fEfg— R A A AR 3'UTR 1 #
KA, WAHRR v ik FEE 2 BT IR AL (alternative
polyadenylation, APA). APA i /7 7E T HAZ EW)
Z: 5 R R AR 2 AEVE RIS B I . BF AR N,
LRI T IFAE M 3L A FLC. FPA ]t FCA (%35 K
S0 52 2 APA (K 7 o g R R IE AR 4
RIUAEANTE I+ 72 PO FE AL #5552 3] APA, 3R
Wz R/ PUR R B A7 AE, (B BAAD)REEA
&4 BT 2017 4F, Tsuchiya 25 Y 2 3l RPP7 ] 5'UTR
DCIRAE N T — NG T, A2 T AN AL B
H3K9me2 &1, XA F AL AZ 4 7K~ 1 A2 4K 53 3
RPP7 112 B MR B AL s AR B0 5 18% 70 K
Pl, EDM2 &2 5 7 RPP7 3Nk ¥ 1% 2 R
TR, BB RPP7 HAG HUIEThRE ML S A
RILIAKF, KA FRIBUR SN 2 R
2.2 RBIARNAMLIFE

RNA BY ] & 45 B & RNA (pre-mRNA) H Py £
TERER SPETHERNERE, X-dREHETIES
e IV E &R — Mkl EORST I PR R
HEEY, BRI & 7S5 I F BT 7 A2 B
M mRNA, X RES R AT, S5
[F] — BE R P2 A 2 M oA . X PR 4 7 AE R
Wi A7 AE, ORI T 60% M 9E 5N b 2 5 ]
A7 AE AR BT Y) IR 1, T AR XTI R A
Yrrb A 30%~50% ) 2 4 1 5 PR A7 A8 7] AR BT 1)

T‘«E }ﬁ [70-72] .

AP T ERE RS EEE A A R
BT, KRR SR B P00 B K 52 B v] A B )
4% . Mandadi 25 " F) F{ RNA-seq 4 % — B 40
W& (Brachypodium distachyon) 527 8 /=7 4 1 #2
(A AZ BT S A 34T 400, I 100 2 A S B AH 5%
B R R Gt B Rk AR v AR B, Ko 9
PO EE . BTN DU R I BT ) Rl SR45 K
ThReREAT 0, R ILELHE 2 AP 2 IR 78 P 1 542
AN B[R A 1 BT AR BT ) A7 3 SR45 (1R %, R
srd5-1 FEAZARFE I 1G5 (P PUR R B n] B 5 X
S5 3 IR () I KT AR DG TP, ax St 7t 3R WA )
oI AR B ) ) ARAE,  FF B B R R D g
(iR R AR

JH B E L R N R ) AR — AR IE
AEAE R AR BT YI PR HE R, AT AR BYA) = A (1 G A 4
KR I3 AR Ng gm0 8 (A I S A N 3
[ Y853 0 %ot AR A T 5 0 ot Y SR TR
RPS4 ] AZ BIAT) 7 A2 () He rh — S 2 S AR G R — Tk
WEA, ZEAREY ARSI R IR AE U
RPS4 3&@ it v AF YY) 45 22 AN AR (1) 38 DL |
Hs, FRFEYIEFRAKRE. RIS
Ji Ak R ] A BT ) 5 AF K £ K% A4 #E TNL (TIR-NB-
LRR) KPuim s o, X 32T TNL RERSH
WEZNETE, By AR5 Y]k AL B Al R .
fiff 78 & B CNL (CC-NB-LRR) 47095 5 [K] A7 75 7]
BEYIIE, It BA R KAL) oz h KA
[F] I Thfig. K32 CNL K Mlal3 b i I R 352
HE (WORF) XI5 A IS A 1 I 18 o] AR By ) 7=
A5 MR, fEIRIR MR R R, Mlal3 W&
T OB AL S B, BOE KU T K
CNL $:[H Pi-ta GEW )2 AEVTARBIY), 7oAz 11 P s
A, Horp 5 MR IR RIS I mGA R EE,
993 J5 B 12 L B o Bl A g S TPX 25 M 3l B 1 1Y
FEFARFIRACFTE ™ s N2 NLR 2[R Lr10 KA
AR Y) R AR PR AR, IF LRI A X P i
SRS (R RERE /NS o - R B P B 5 KRR
K RGAS Wi N & T IR E T X PR AL, T
R AE AT AR BT IR DX, B 0 A R R ) e w2 A
Avrl-CO39 M RBEIX By, FEUN & 1 OR B e s A o
S (B0 2R 1 VR R 51 Avr1-CO39 P,

H AT, NLR J B ) n] 22 87 477 8 42 B 8 AR 4
SEAMRNT. XuZE ™ HURRIEY) — K E SRR/
5 & R 25 1 K Ik (serine/arginine-rich protein, SR)
1) MOS12 iy & 6k 2K 23 52 Wi 5L 7 7+ 00 2k K] SNCT
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o RPS4 BT U . T8 ) i i B 5 RB 1)
gk RRIK BAER G R h LT3 22 X AVRbIDI
Pz, R S8 E PR BT CWCIs 25
A BT RE,  BET RN RB A1 3 (10 ML BT
P T A 5 ) mRNA [%f# (nonsense-mediated
mRNA decay, NMD) 1 Jy— it o] 28 8 47) 7= 47 in 1.
B, T R ) I B S A B A £ 1k A T Y
mRNA, 8 G A2 R ) B B PR 4 i 7 AR
M ™. NMD xof 5 3k 8 2 0k B L AT 1 45 1 A
WHFC R ILEY) NMD B 5V EbR Pk =702 —52&
Fomi R ™, i, NMD A8 A th RPS6 N &
TR AL B R, FEUEMAE KB 7,
2.3 /JRNAFE

T4 /n RNA (small RNA, sRNA) 2 5 i #% 4=
KRB Brae i B 55 22 M A fir i sl ok R R IA Y
H B 7. sSRNA EZ 7 NP 2K« 5/ RNA
(microRNA, miRNA) LA f /N3t RNA (small interfering
RNA, siRNA). sRNA F Z i it 55 #Fx mRNA 541
S Ja) LA 2 R SR Ak, B X mRNA #E471)
B BE A mRNA S0 B3 ™. 0 R R &
K KT 52 B [ miRNA K siRNA B 1E M. Yi
1 Richards ™ ¥ R BN R S+ H 1) SRNA 2 5145
PUR R R RIE, HE SR Y HE 21-nt siRNA 1E
W Z A siRNA FL[A/E I #H] RPPS PR % b 045
SNCI }: RPP4 fE N B Z NP FE R R . 72
fikE P B — 6 miRNA %2 [K 5 2 5 45 5w
FER ) RIE. B, PEFEEFE (Medicago truncatula)
H1 3 > miRNA FREE A 20K 74 D PUm R, it
— A R AR AL HE B S5 M RHAE R A R siRNA
(phase secondary small interfering RNA, phasiRNA),
X /N RNA @ T 5 AGO & 4 45 4 % $E A% mRNA
BEAT DI RIRRAR, Bt R kL ™. Hot
FUARIE phasiRNA 1 & 28 A i BHE ) b 58 1% 4 [1)
PURAR, JRPEOEREUER . Hik, #id g
AV N R SRNA PR B R R 4108, ATA
SERAUR S A KR B SR LT P

3 EEBKFIEE

PP 2 R R AT 1R R 422 O 22 (AL T g
VAT A AR Sy, B N R AR AN LA
M. AN TR i 00 ik PR 36 )5 1) 7 P A B . At 2R
H—RAMRIIRE R H, X E A AR 10
4= PRNIORCA(UE =Bl BURGREIE 9 ¢ 28 Mab aa N 10171174
. A B R U 8 E D RE .

3.1 SFHEEMEMEES TR

S bom s G AR, EYPURE R H
BHAEARREARTTE. —BMAKEEARE R
5 B 15 A DA B AR A R AT S I 2 K, DR T 52
ZME S HSEANEE, XM EA BTN
EFE P W EEB 5 A HSPIO 2 5% 2 A Hiw
RAMRE M, HSPIO 54 s T ER PR T U R
F1 Rx. RPM1 PL K RPSS () ik K P, [ R,
WAL TR HSPOO /r S E L AR e HiES
HIEPURE AN SRR T ah, Bk
TP ORSF FIE(B 2 1 RARL AT SGT1 fEf%5 HSP9O
RAEHAE, BRESGHRSE5FYZ2APURE AR
EME. [FIRT 248 HSP90.SGT1 LA A RAR1 B, f4% N,
RPS2 fE NI Z A Puii B ARIA TR, 80502 m 3
BEAK ™Y, BhZEAR RARI I, fULRG7F RPMI1 AT RPSS,
K# Mlal Fil Mla6 DL K 5% 2 Rx 55 2 A1 £
ik ¥y 2z 2 gLm o1 ke, SGTI Bk b
A PURE AR R R, 40 Rx BL N EOH,
3.2 ZERWIEENE

W AR P W & RS AR 1
(post-translational modification), I ZiEitZz & &EH
B 2248 (ubiquitin proteasome system, UPS) 4% &5
R W Bk i s e Th g . MYIPURE A RE
Fz EACR Y, CARR GRS 5 M PUR & G E R IE
U D REJG B 0 P, DU S s AP e R4
HIEKEE. B, CHMWRRY B3 ZRiERE
M2 R PR E A RN EBEA, E3 &
B &l A SCF (SKP1/Cullinl/F-box) H11f] F-box &
F CPR1 i ¥ 41l ¥ 7 1 /% £ FH SNC1. RPPS2 A
SUMM2 (¥ [ fig, ik 2 T UK B8 1 1 B Fp 2 AR
GO gL, R TF P A 1 SIKIC2 R
5% B P E3 3£ #2F MUSEL Al MUSE2 ) 411
P U9, el B3 12 R SBP1 5 & MUK E A
Sw-5b HAEFF A SRR 7. M B3 2 KR
UBR7 590 N 8 [ H.E, UBR7 K& T FHEN
AR AR KT i SR A E TMV (417 K
S U RV H AR LR AR A 2 R B I B T
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SRS, BEZREEBIRETURE S ERERL
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i S A BT T e AL 6 B AR TR B A RO VE L
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BIE AR EERRRE L, W2 m R R L&
Mg B U R 1 W ER 1K AT PTI (pattern-triggered
immunity) i B HORAE E EAE . 28 ) 32 ik
(pattern recognition receptor, PRR) 1] FI]57 Ji 44 AH 2
7 T2 (pathogen-associated molecular pattern, PAMP)
Fon¥E, 5ILZMERG BAK] HAEIAH BBEER
1, IR BOE FE de ons Y I T R B R
R B BB RA R X, B, W IT
BT 2 F1 RRS1 AT RPS4 1] PLH 51 35 #4855 /K I
B 73 WA ) 2308 PR - PopP2 LA T A B i 3. 73+
AvrRPS4, 3 F 4 5k S ) 993 D 1 e UL
RRSI 1R TT HAFAE S A e, Hodt RRSI-S AR
il AviRPS4, 1f] RRSI-R W] [A] i 11 %] AviRPS4 F
PopP2. J#4I 7 #r KB, H% T RRSI-S, RRSI-R
Rui 5 1 214 7 IR B vl K AEBEIR AL, HZiRib
] E) B iE . PopP2 4 i — N L BE A i,
AR RRST-R R Uiy B BR AL AL 5 204k, AT At o
RRSI-R [, BE iz deema p; U %0 7 i
B 7 AR B B BB [E]—Bow B S MR AL
i, [FIEIR M E PR & B AR BRI
H 5 8 AL s 4 0 BRSO B R SR
3.4 REREFRIEE

o E A E A 5 KDy Re R B A, H
BT, CRERMPUREE A R EAE R, 40 R 4
Mtz K FEDhRE. WHFLRIL, b E B A R
e AR, I HAZ AR T-Hum & E s =
AEIEER. B, e IF SNC1 & [ 7541
AR R i e B BOE, s ZmbEsS S
SNCI flt & J& al ¥ SNC1 [ B0, R e A
XF T SNC1 /3 1 o e it & o s o o™, ik —
AWEFUAR DL, SNCI1 A 245 A\ H H MOS6 1
VREE, 10 SNC1 ¥ H %32 s 1R 1 KA120 45 12,
TR PO I AEAS R4 B 45 f TR 3 R ¥ DhRe, 2
HARHINUBIAAAE 22 5 . TP EE 1 Sw-5b 73 A T
2 BRI AR A, A R B E A AE RS A R T
Sw-5b 75 T 5 Z1 (1) 4 B A T2 H Jo v B 1 B E 4 A
(AN R B RS 3 5 T o7 78 40 B % A ) Sw-5b B
fink A FR) G B 355 AEL e AT R L B 2 i ) A 4
RGP Y . Sw-5b A7 1 A4k 52 B N 3 SD
IS5 E A BERRE, REEDPUREA
BE % 8 1 % T AR TR A R b AR UYL B4k,
TEYIPUR B B BOE 5 TE PUR /MR R EDIRE, N iE
helper NLR % 4 NRG1 #l ADR1 ] fE40 i 2 h

BB, WO MRS ; [, A A
I NRGI1 #1 ADR1 7E#% B 515 5 8 1 EDS1 JE R
HEtk, 550G S H&kEs .,

EARPUI B W40 A 52 A 5 TR I R 153 2
IR, AH G H AL A IE . PRkl
BEAMN, BRILEAKRED. ERBEBMHLE
F1R 5 4 B840 350 7T B8 2 5 P B 1 .40 i 5 37 19
AR A 2 SRR S AR 1 VA B ML A IR N AT
A SR AT LA e A AR R LI, IR B
A P IR B TR AT R

4 UmRERENARE
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DRI 5 A e o LIRS 1 R, (HI R AR
b A RV E BT T b AR AT T i o k. — 7,
i 2 78 0 F AT JE DR R 3 A B i 5 S — T
I, EAESE S PUERIFEN, ~FEHUR S R R
AR AU MR BRI BUPE TR i B
FERT NGRS R A B SR 0L TR R BRI S I . B
FH AR RE, N TR BEAEEYI TR B RS J5 1
RO FERE S, WAEIEIEER . PR E A
WA DR, DASORE L R R R R DU AR
YIE R, AT R TG RARRIR L A i e B A AT
fEtk. JFH, BE% CRISPR/Cas <53k [K 4 8 3 K 1)
K JE UL I AlphaFold 5 A= 1)K 7y 1 S5 4 KA AL 1) 2
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SE [F) BT A s AT ZE R E A 0 22 et A . i,
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R NS DRI DhREME IE B € [ B it DNA A BL.
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G5 N R AT RE ). N LR RERI AR HESD
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g e dog . AR 2SR R R IR 2 22 2
A DUEER A SR s AE ) BUR VIR BE R S &R, K
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AR Rl AR TD S5 K 3L K T 45 R R A X G B
o7 R HEAT 58 RS AR AR LB R NLR A1 3 (500 SN
IR 1 3 o R AR B AR )
K, T8I UGS A R R A AR SOk B B



53] NEE,

S5 MU B KRR LA I T 485

T U A E PE R R RO — S E B A 5 T
o filhn, FI A4 R85 S 3745 A L uORF 7
FI I [ A PO R R0, T S e S DA
M 795 J5 B (AR 4, DI FE AN 20 = 2 (1 TR, K
iR e PUm I U2, R 51 S iR AR,
¥4 TALE 2508 [R5 B 76 A4 58 1] il N B 7K R bt o 22
Kl Xa23 1) a8+ X dr, DA 58 Xa23 %F E -
995 TR AR e (1) i 5 3R K, DT R v KR X 1 A
T RIBTE o

5, CER) FH 000 2 R 8 & B o e o F e
A R Skt s K] 52 M B RO P P4 2 S e 8 I
by 0 A R e 7 A DR 3R 3K SR ST i AR A2 1 e R AR
K2 AR AL T S5 AR5 R dn T PR A
S ATLEE A FEARMT 7 33 8 1] 0 11 At ok 338 hn B A7 1
X PUI I A R B A, RS VAR P B AR AT
(1 S LA S A A5 hR b i 9 B EL AN 52 = 1 1)
Folr, 300 3 A A R A B 2 TR Sk S B 1S v S A 1)
KAHME G EHEYE R EZERg. KK,
F CRISPR/Cas /1 5[] J&3 51+ X 30 B 5 #62 H A PA
N AT RNA B4 B 5 1 58 ek 25T,
7] ) FH B2 i 2L A 2 ) A 2 R G P 2 TR
TEARFIEZ gl b i 2= RIE A A, N
VP o R PR AL TE R ) F 1A

(& £ X #

[1] Dangl JL, Horvath DM, Staskawicz BJ. Pivoting the plant
immune system from dissection to deployment. Science,
2013, 341: 746-51

[2] Damalas CA, Eleftherohorinos IG. Pesticide exposure,
safety issues, and risk assessment indicators. Int J Environ
Res Public Health, 2011, 8: 1402-19

[3] Biffen RH. Mendel's laws of inheritance and wheat
breeding. J Agric Sci, 1905, 1: 4-48

[4] Flor HH. Host-parasite interactions in flax rust-its genetics
and other implications. Phytopathology, 1955, 45: 680-5

[5] Whitham S, Dinesh-Kumar SP, Choi D, et al. The product
of the tobacco mosaic virus resistance gene N: similarity
to Toll and the interleukin-1 receptor. Cell, 1994, 78:
1101-15

[6] Bent AF, Kunkel BN, Dahlbeck D, et al. RPS2 of
Arabidopsis thaliana: a leucine-rich repeat class of plant
disease resistance genes. Science, 1994, 265: 1856-60

[7]  Jiorgos K, van der Hoorn RAL. Defended to the Nines: 25
years of resistance gene cloning identifies nine mechanisms
for R protein function. Plant Cell, 2018, 30: 285-99

[8] Li W, Deng Y, Ning Y, et al. Exploiting broad-spectrum
disease resistance in crops: from molecular dissection to
breeding. Annu Rev Plant Biol, 2020, 71: 575-603

(91 i, TR, W s, 55, /N2 SRR s 8% 1 B U

(18]

(23]

H B R A R F T RE . A ORI 2R, 2022, 49: 263-
75

Deng Y, Zhai K, Xie Z, et al. Epigenetic regulation of
antagonistic receptors confers rice blast resistance with
yield balance. Science, 2019, 355: 962-5

T, HHOKRI, ZRAERE, &5, 2290 /KR i ol J B B2 3 o
ARG SR PikAs i R Y %6 5 . A8 i ARl 2 4k,
2016, 31: 553-9

Qi D, DeYoung BJ, Innes RW. Structure-function analysis
of the coiled-coil and leucine-rich repeat domains of the
RPSS5 disease resistance protein. Plant Physiol, 2012, 158:
1819-32

Martin R, Qi T, Zhang H, et al. Structure of the activated
ROQ1 resistosome directly recognizing the pathogen
effector XopQ. Science, 2020, 370: eabd9993

Wang H, Song S, Gao S, et al. The NLR immune receptor
ADRI1 and lipase-like proteins EDS1 and PAD4 mediate
stomatal immunity in Nicotiana benthamiana and
Arabidopsis. Plant Cell, 2024, 36: 427-46

Cesari S, Bernoux M, Moncuquet P, et al. A novel
conserved mechanism for plant NLR protein pairs: the
"integrated decoy" hypothesis. Front Plant Sci, 2014, 5:
606

Marchal C, Zhang J, Zhang P, et al. BED-domain-
containing immune receptors confer diverse resistance
spectra to yellow rust. Nat Plants, 2018, 4: 662-8

Bialas A, Langner T, Harant A, et al. Two NLR immune
receptors acquired high-affinity binding to a fungal
effector through convergent evolution of their integrated
domain. Elife, 2021, 10: e66961

Nishimura MT, Anderson RG, Cherkis KA, et al. TIR-
only protein RBA1 recognizes a pathogen effector to
regulate cell death in Arabidopsis. Proc Natl Acad Sci U S
A, 2017, 114: E2053-62

Martin GB, Brommonschenkel SH, Chunwongse J, et al.
Map-based cloning of a protein kinase gene conferring
disease resistance in tomato. Science, 1993, 262: 1432-6
Dixon MS, Jones DA, Keddie JS, et al. The tomato Cf-2
disease resistance locus comprises two functional genes
encoding leucine-rich repeat proteins. Cell, 1996, 84: 451-9
Thomas CM, Jones DA, Parniske M, et al. Characterization
of the tomato Cf-4 gene for resistance to Cladosporium
fulvum identifies sequences that determine recognitional
specificity in Cf-4 and Cf-9. Plant Cell, 1997, 9: 2209-24
Dixon MS, Hatzixanthis K, Jones DA, et al. The tomato
Cf-5 disease resistance gene and six homologs show
pronounced allelic variation in leucine-rich repeat copy
number. Plant Cell, 1998, 10: 1915-25

Jones DA, Thomas CM, Hammond-Kosack KE, et al.
Isolation of the tomato Cf-9 gene for resistance to
Cladosporium fulvum by transposon tagging. Science,
1994, 266: 789-93

Saintenac C, Lee WS, Cambon F, et al. Wheat receptor-
kinase-like protein Stb6 controls gene-for-gene resistance
to fungal pathogen Zymoseptoria tritici. Nat Genet, 2018,
50: 368-74

Kema GHJ, Mirzadi Gohari A, Aouini L, et al. Stress and



486

B EY RS TN A

374

[27]

[28]

[29]

[35]

[36]

[37]

sexual reproduction affect the dynamics of the wheat
pathogen effector AvrStb6 and strobilurin resistance. Nat
Genet, 2018, 50: 375-80

Zhong Z, Marcel TC, Hartmann FE, et al. A small secreted
protein in Zymoseptoria tritici is responsible for avirulence
on wheat cultivars carrying the Stb6 resistance gene. New
Phytol, 2017, 214: 619-31

Klymiuk V, Yaniv E, Huang L, et al. Cloning of the wheat
Yrl5 resistance gene sheds light on the plant tandem
kinase-pseudokinase family. Nat Commun, 2018, 9: 3735
Brueggeman R, Rostoks N, Kudrna D, et al. The barley
stem rust-resistance gene Rpgl is a novel disease-
resistance gene with homology to receptor kinases. Proc
Natl Acad Sci U S A, 2002, 99: 9328-33

Chen S, Rouse MN, Zhang W, et al. Wheat gene Sr60
encodes a protein with two putative kinase domains that
confers resistance to stem rust. New Phytol, 2020, 225:
948-59

Lu P, Guo L, Wang Z, et al. A rare gain of function
mutation in a wheat tandem kinase confers resistance to
powdery mildew. Nat Commun, 2020, 11: 680

Dinh HX, Singh D, Gomez de la Cruz D, et al. The barley
leaf rust resistance gene Rph3 encodes a predicted
membrane protein and is induced upon infection by
avirulent pathotypes of Puccinia hordei. Nat Commun,
2022, 13: 2386

Romer P, Hahn S, Jordan T, et al. Plant pathogen
recognition mediated by promoter activation of the pepper
Bs3 resistance gene. Science, 2007: 318: 645-8

Cheng YT, Li Y, Huang S, et al. Stability of plant immune-
receptor resistance proteins is controlled by SKP1-
CULLIN1-F-box (SCF)-mediated protein degradation.
Proc Natl Acad Sci U S A, 2011, 108: 14694-9

James M, Bradeen MI, Dimitre S. et al. Higher copy
numbers of the potato RB transgene correspond to
enhanced transcript and late blight resistance levels.
MPMI, 2009, 22: 437-46

He Z, Webster S, He SY. Growth-defense trade-offs in
plants. Curr Biol, 2022, 32: R634-9

Huot B, Yao J, Montgomery BL, et al. Growth-defense
tradeoffs in plants: a balancing act to optimize fitness. Mol
Plant, 2014, 7: 1267-87

Tan X, Meyers BC, Kozik A, et al. Global expression
analysis of nucleotide binding site-leucine rich repeat-
encoding and related genes in Arabidopsis. BMC Plant
Biol, 2007, 7: 56

Pandey SP, Somssich IE. The role of WRKY transcription
factors in plant immunity. Plant Physiol, 2009, 150: 1648-
55

Mohr TJ, Mammarella ND, Hoff T, et al. The Arabidopsis
downy mildew resistance gene RPPS is induced by
pathogens and salicylic acid and is regulated by W box cis
elements. Mol Plant Microbe Interact, 2010, 23: 1303-15
Wang J, Wang R, Fang H, et al. Two VOZ transcription
factors link an E3 ligase and an NLR immune receptor to
modulate immunity in rice. Mol Plant, 2021, 14: 253-66
Zhang N, Wang Z, Bao Z, et al. MOS1 functions closely

[43]

[51]

[52]

[53]

[57]

with TCP transcription factors to modulate immunity and
cell cycle in Arabidopsis. Plant J, 2018, 93: 66-78

Yu H, Yang L, Li Z, et al. In situ deletions reveal
regulatory components for expression of an intracellular
immune receptor gene and its co-expressed genes in
Arabidopsis. Plant Cell Environ, 2022, 45: 1862-75

Tian D, Wang J, Zeng X, et al. The rice TAL effector-
dependent resistance protein XA10 triggers cell death and
calcium depletion in the endoplasmic reticulum. Plant
Cell, 2014, 26: 497-515

Wang C, Zhang X, Fan Y, et al. XA23 is an executor R
protein and confers broad-spectrum disease resistance in
rice. Mol Plant, 2015, 8: 290-302

Gu KY, Yang B, Tian DS, et al. R gene expression induced
by a type-III effector triggers disease resistance in rice.
Nature, 2005, 435: 1122-5

Straufl T, van Poecke RMP, Straufl A, et al. RNA-seq
pinpoints a Xanthomonas TAL-effector activated
resistance gene in a large-crop genome. Proc Natl Acad
Sci US A, 2012, 109: 19480-5

Tirnaz S, Batley J. DNA methylation: toward crop disease
resistance improvement. Trends Plant Sci, 2019, 24: 1137-
50

Richard MMS, Gratias A, Thareau V, et al. Genomic and
epigenomic immunity in common bean: the unusual
features of NB-LRR gene family. DNA Res, 2018, 25:
161-72

Akimoto K, Katakami H, Kim HJ, et al. Epigenetic
inheritance in rice plants. Ann Bot, 2007, 100: 205-17

Li Y, Xia Q, Kou H, et al. Induced Pib expression and
resistance to Magnaporthe grisea are compromised by
cytosine demethylation at critical promoter regions in rice.
J Integr Plant Biol, 2011, 53: 814-23

Yaish MW. DNA methylation-associated epigenetic
changes in stress tolerance of plants. Mol Stress Physiol
Plants, 2013: 427-40

Zhang H, Lang Z, Zhu JK. Dynamics and function of
DNA methylation in plants. Nat Rev Mol Cell Biol, 2018,
19: 489-506

Xia S, Cheng YT, Huang S, et al. Regulation of transcription
of nucleotide-binding leucine-rich repeat-encoding genes
SNCI and RPP4 via H3K4 trimethylation. Plant Physiol,
2013, 162: 1694-705

Dong G, Ma DP, Li J. The histone methyltransferase
SDGS regulates shoot branching in Arabidopsis. Biochem
Biophys Res Commun, 2008, 373: 659-64

Li Y, Mukherjee I, Thum KE, et al. The histone
methyltransferase SDG8 mediates the epigenetic
modification of light and carbon responsive genes in
plants. Genome Biol, 2015, 16: 79

Palma K, Thorgrimsen S, Malinovsky FG, et al.
Autoimmunity in Arabidopsis acdl1 is mediated by
epigenetic regulation of an immune receptor. PLoS
Pathog, 2010, 6: ¢1001137

Lee S, Fu F, Liao CJ, et al. Broad-spectrum fungal
resistance in sorghum is conferred through the complex
regulation of an immune receptor gene embedded in a



NEE,

S5 MU B KRR LA I T

487

[59]

(61]

[62]

[63]

[64]

[69]

natural antisense transcript. Plant Cell, 2022, 34: 1641-65
Yang L, Chen X, Wang Z, et al. HOS15 and HDA9
negatively regulate immunity through histone deacetylation
of intracellular immune receptor NLR genes in Arabidopsis.
New Phytol, 2020, 226: 507-22

Zou B, Yang DL, Shi Z, et al. Monoubiquitination of
histone 2B at the disease resistance gene locus regulates
its expression and impacts immune responses in
Arabidopsis. Plant Physiol, 2014, 165: 309-18

Yang L, Wang Z, Hua J. Multiple chromatin-associated
modules regulate expression of an intracellular immune
receptor gene in Arabidopsis. New Phytol, 2022, 237:
2284-97

Clapier CR, Cairns BR. The biology of chromatin
remodeling complexes. Ann Rev Biochem, 2009, 78: 273-
304

Hopfner KP, Gerhold CB, Lakomek K, et al. Swi2/Snf2
remodelers: hybrid views on hybrid molecular machines.
Curr Opin Struct Biol, 2012, 22: 225-33

Huang CY, Rangel DS, Qin X, et al. The chromatin-
remodeling protein BAF60/SWP73A regulates the plant
immune receptor NLRs. Cell Host Microbe, 2021, 29:
425-34.e4

Zou B, Sun Q, Zhang W, et al. The Arabidopsis chromatin-
remodeling factor CHRS regulates plant immune
responses and nucleosome occupancy. Plant Cell Physiol,
2017, 58: 2202-16

Johnson KC, Xia S, Feng X, et al. The chromatin
remodeler SPLAYED negatively regulates SNC1-
mediated immunity. Plant Cell Physiol, 2015, 56: 1616-23
Halter T, Navarro L. Multilayer and interconnected post-
transcriptional and co-transcriptional control of plant
NLRs. Curr Opin Plant Biol, 2015, 26: 127-34

Lin J, Li QQ. Coupling epigenetics and RNA polyadenylation:
missing links. Trends Plant Sci, 2023, 28: 223-34
Tsuchiya T, Eulgem T. An alternative polyadenylation
mechanism coopted to the Arabidopsis RPP7 gene
through intronic retrotransposon domestication. Proc Natl
Acad Sci U S A, 2013, 110: E3535-43

Marquez Y, Brown JW, Simpson C, et al. Transcriptome
survey reveals increased complexity of the alternative
splicing landscape in Arabidopsis. Genome Res, 2012, 22:
1184-95

Shen Y, Zhou Z, Wang Z, et al. Global dissection of
alternative splicing in paleopolyploid soybean. Plant Cell,
2014, 26: 996-1008

Mandadi KK, Pyle JD, Scholthof KBG. Comparative
analysis of antiviral responses in Brachypodium distachyon
and Setaria viridis reveals conserved and unique outcomes
among C-3 and C-4 plant defenses. Mol Plant Microbe
Interact, 2014, 27: 1277-90

Thatcher SR, Zhou W, Leonard A, et al. Genome-wide
analysis of alternative splicing in Zea mays: landscape and
genetic regulation. Plant Cell, 2014, 26: 3472-87

Stamm S, Ben-Ari S, Rafalska I, et al. Function of
alternative splicing. Gene, 2005, 344: 1-20

Mandadi KK, Pyle JD, Scholthof KBG. Characterization

[75]

[76]

(78]

(81]

(84]

of SCL33 splicing patterns during diverse virus infections
in Brachypodium distachyon. Plant Signal Behav, 2015,
10: 1042641

Day IS, Golovkin M, Palusa SG, et al. Interactions of
SR45, an SR-like protein, with spliceosomal proteins and
an intronic sequence: insights into regulated splicing.
Plant J, 2012, 71: 936-47

Dinesh-Kumar SP, Baker BJ. Alternatively spliced N
resistance gene transcripts: their possible role in tobacco
mosaic virus resistance. Proc Natl Acad Sci U S A, 2000,
97:1908-13

Zhang XC, Gassmann W. Alternative splicing and mRNA
levels of the disease resistance gene RPS4 are induced
during defense responses. Plant Physiol, 2007, 145: 1577-
87

Halterman DA, Wei FS, Wise RP. Powdery mildew-
induced Mla mRNAs are alternatively spliced and contain
multiple upstream open reading frames. Plant Physiol,
2003, 131: 558-67

Costanzo S, Jia Y. Alternatively spliced transcripts of Pi-ta
blast resistance gene in Oryza sativa. Plant Sci, 2009, 177:
468-78

Sela H, Spiridon LN, Petrescu AJ, et al. Ancient diversity
of splicing motifs and protein surfaces in the wild emmer
wheat (Triticum dicoccoides) LR10 coiled coil (CC) and
leucine-rich repeat (LRR) domains. Mol Plant Pathol,
2012, 13: 276-87

Cesari S, Thilliez G, Ribot C, et al. The rice resistance
protein pair RGA4/RGAS recognizes the Magnaporthe
oryzae effectors AVR-Pia and AVR1-CO39 by direct
binding. Plant Cell, 2013, 25: 1463-81

Xu F, Xu S, Wiermer M, et al. The cyclin L homolog
MOS12 and the MOS4-associated complex are required
for the proper splicing of plant resistance genes. Plant J,
2012, 70: 916-28

Sun B, Huang J, Kong L, et al. Alternative splicing of a
potato disease resistance gene maintains homeostasis
between growth and immunity. Plant Cell, 2024: 36: 3729-
50

Schweingruber C, Rufener SC, Zuend D, et al. Nonsense-
mediated mRNA decay - Mechanisms of substrate mRNA
recognition and degradation in mammalian cells. Biochim
Biophys Acta, 2013, 1829: 612-23

Rayson S, Arciga-Reyes L, Wootton L, et al. A role for
nonsense-mediated mRNA decay in plants: pathogen
responses are induced in Arabidopsis thaliana NMD
mutants. PLoS One, 2012, 7: ¢31917

Riehs-Kearnan N, Gloggnitzer J, Dekrout B, et al.
Aberrant growth and lethality of Arabidopsis deficient in
nonsense-mediated RNA decay factors is caused by
autoimmune-like response. Nucleic Acids Res, 2012, 40:
5615-24

Gloggnitzer J, Akimcheva S, Srinivasan A, et al.
Nonsense-mediated mRNA decay modulates immune
receptor levels to regulate plant antibacterial defense. Cell
Host Microbe, 2014, 16: 376-90

Axtell MJ. Classification and comparison of small RNAs



488 B EY RS TN A

374

from plants. Annu Rev Plant Biol, 2013, 64: 137-59

[89] Yi H, Richards EJ. A cluster of disease resistance genes in
Arabidopsis is coordinately regulated by transcriptional
activation and RNA silencing. Plant Cell, 2007, 19: 2929-
39

[90] ZhaiJ, Jeong DH, De Paoli E, et al. MicroRNAs as master
regulators of the plant NB-LRR defense gene family via
the production of phased, trans-acting siRNAs. Genes
Deyv, 2011, 25: 2540-53

[91] Park JH, Shin C. The role of plant small RNAs in NB-
LRR regulation. Brief Funct Genomics, 2015, 14: 268-74

[92] Shivaprasad PV, Chen HM, Patel K, et al. A microRNA
superfamily regulates nucleotide binding site-leucine-rich
repeats and other mRNAs. Plant Cell, 2012, 24: 859-74

[93] Pratt WB, Toft DO. Regulation of signaling protein
function and trafficking by the hsp90/hsp70-based
chaperone machinery. Exp Biol Med (Maywood), 2003,
228: 111-33

[94] Hubert DA, Tornero P, Belkhadir Y, et al. Cytosolic
HSP90 associates with and modulates the Arabidopsis
RPMI1 disease resistance protein. EMBO J, 2003, 22:
5679-89

[95] Lu R, Malcuit I, Moffett P, et al. High throughput virus-
induced gene silencing implicates heat shock protein 90 in
plant disease resistance. EMBO J, 2003, 22: 5690-9

[96] Holt BF, Belkhadir Y, Dangl JL. Antagonistic control of
disease resistance protein stability in the plant immune
system. Science, 2005, 309: 929-32

[97] Schulze-Lefert P. Plant immunity: the origami of receptor
activation. Curr Biol, 2004, 14: R22-4

[98] Takahashi A, Casais C, Ichimura K, et al. HSP90 interacts
with RAR1 and SGT1 and is essential for RPS2-mediated
disease resistance in Arabidopsis. Proc Natl Acad Sci U S
A, 2003, 100: 11777-82

[99] Bieri S, Mauch S, Shen QH, et al. RAR1 positively
controls steady state levels of barley MLA resistance
proteins and enables sufficient MLA6 accumulation for
effective resistance. Plant Cell, 2004, 16: 3480-95

[100] Muskett PR, Kahn K, Austin MJ, et al. Arabidopsis RARI
exerts rate-limiting control of R gene-mediated defenses
against multiple pathogens. Plant Cell, 2002, 14: 979-92

[101] Azevedo C, Betsuyaku S, Peart J, et al. Role of SGT1 in
resistance protein accumulation in plant immunity. EMBO
J, 2006, 25: 2007-16

[102] Boter M, Amigues B, Peart J, et al. Structural and
functional analysis of SGT1 reveals that its interaction
with HSP90 is required for the accumulation of Rx, an R
protein involved in plant immunity. Plant Cell, 2007, 19:
3791-804

[103] Mestre P, Baulcombe DC. Elicitor-mediated oligomerization
of the tobacco N disease resistance protein. Plant Cell,
2006, 18: 491-501

[104] Gou M, Shi Z, Zhu Y, et al. The F-box protein CPR1/
CPR30 negatively regulates R protein SNC1 accumulation.
Plant J, 2012, 69: 411-20

[105] Liu J, Huang Y, Kong L, et al. The malectin-like receptor-
like kinase LETUM1 modulates NLR protein SUMM?2

activation via MEKK2 scaffolding. Nat Plants, 2020, 6:
1106-15

[106] Dong OX, Ao K, Xu F, et al. Individual components of
paired typical NLR immune receptors are regulated by
distinct E3 ligases. Nat Plants, 2018, 4: 699-710

[107] Wang C, Zhu M, Hong H, et al. A viral effector blocks the
turnover of a plant NLR receptor to trigger a robust
immune response. EMBO J, 2024, 43: 3650-76

[108] Zhang Y, Song G, Lal NK, et al. TurbolD-based proximity
labeling reveals that UBR7 is a regulator of N NLR
immune receptor-mediated immunity. Nat Commun, 2019,
10: 3252

[109] Bigeard J, Rayapuram N, Pflieger D, et al. Phosphorylation-
dependent regulation of plant chromatin and chromatin-
associated proteins. Proteomics, 2014, 14: 2127-40

[110] Yamada K, Yamashita-Yamada M, Hirase T, et al. Danger
peptide receptor signaling in plants ensures basal
immunity upon pathogen-induced depletion of BAKI.
EMBO J, 2016, 35: 46-61

[111] Ma Y, Guo H, Hu L, et al. Distinct modes of derepression
of an Arabidopsis immune receptor complex by two
different bacterial effectors. Proc Natl Acad Sci U S A,
2018, 115: 10218-27

[112] Sarris PF, Duxbury Z, Huh SU, et al. A plant immune
receptor detects pathogen effectors that target WRKY
transcription factors. Cell, 2015, 161: 1089-100

[113] Huh SU, Cevik V, Ding P, et al. Protein-protein
interactions in the RPS4/RRS1 immune receptor complex.
PLoS Pathog, 2017, 13: ¢1006376

[114] Guo H, Ahn HK, Sklenar J, et al. Phosphorylation-
regulated activation of the Arabidopsis RRS1-R/RPS4
immune receptor complex reveals two distinct effector
recognition mechanisms. Cell Host Microbe, 2020, 27:
769-81.e6

[115] Garcia AV, Parker JE. Heaven's gate: nuclear accessibility
and activities of plant immune regulators. Trends Plant
Sci, 2009, 14: 479-87

[116] Xu F, Cheng YT, Kapos P, et al. P-loop-dependent NLR
SNCI1 can oligomerize and activate immunity in the
nucleus. Mol Plant, 2014, 7: 1801-4

[117] Mang HG, Qian W, Zhu Y, et al. Abscisic acid deficiency
antagonizes high-temperature inhibition of disease
resistance through enhancing nuclear accumulation of
resistance proteins SNC1 and RPS4 in Arabidopsis. Plant
Cell, 2012, 24: 1271-84

[118] Zhu Y, Qian W, Hua J. Temperature modulates plant
defense responses through NB-LRR proteins. PLoS
Pathog, 2010, 6: ¢1000844

[119] Jia M, Shen X, Tang Y, et al. A karyopherin constrains
nuclear activity of the NLR protein SNC1 and is essential
to prevent autoimmunity in Arabidopsis. Mol Plant, 2021,
14:1733-44

[120] Palma K, Zhang Y, Li X. An importin o homolog, MOS6,
plays an important role in plant innate immunity. Curr
Biol, 2005, 15: 1129-35

[121] Chen H, Qian X, Chen X, et al. Cytoplasmic and nuclear
Sw-5b NLR act both independently and synergistically to



5 PNEE, 5. AEYIPURIE DL E T T e 489

confer full host defense against tospovirus infection. New
Phytol, 2021, 231: 2262-81

[122] Wang Z, Liu X, Yu J, et al. Plasma membrane association
and resistosome formation of plant helper immune
receptors. Proc Natl Acad Sci U S A, 2023, 120: €2222-
036120

[123] Wu Z, Tian L, Liu X, et al. TIR signal promotes
interactions between lipase-like proteins and ADR1-L1
receptor and ADRI1-L1 oligomerization. Plant Physiol,
2021, 187: 681-6

[124] Bi G, Su M, Li N, et al. The ZAR1 resistosome is a
calcium-permeable channel triggering plant immune
signaling. Cell, 2021, 184: 3528-41.e12

[125] Jacob P, Kim NH, Wu F, et al. Plant “helper” immune
receptors are Ca”"-permeable nonselective cation channels.
Science, 2021, 373: 420-5

[126] Tang Y, Ho MI, Kang BH, et al. GBPL3 localizes to the
nuclear pore complex and functionally connects the
nuclear basket with the nucleoskeleton in plants. PLoS
Biol, 2022, 20: ¢3001831

[127] Li Y, Xue J, Wang FZ, et al. Plasma membrane-nucleo-
cytoplasmic coordination of a receptor-like cytoplasmic
kinase promotes EDS1-dependent plant immunity. Nat
Plants, 2022, 8: 802-16

[128] Roth C, Lidke D, Klenke M, et al. The truncated NLR
protein TIR-NBS13 is a MOS6/IMPORTIN-a3 interaction
partner required for plant immunity. Plant J, 2017, 92:
808-21

[129] Liu X, Ao K, Yao J, et al. Engineering plant disease
resistance against biotrophic pathogens. Curr Opin Plant
Biol, 2021, 60: 101987

[130] Kourelis J, Marchal C, Posbeyikian A, et al. NLR immune
receptor-nanobody fusions confer plant disease resistance.
Science, 2023, 379: 934-9

[131] Segretin ME, Pais M, Franceschetti M, et al. Single amino
acid mutations in the potato immune receptor R3a expand
response to phytophthora effectors. Mol Plant Microbe
Interact, 2014, 27: 624-37

[132] Huang H, Huang S, Li J, et al. Stepwise artificial evolution
of an Sw-5b immune receptor extends its resistance
spectrum against resistance-breaking isolates of Tomato
spotted wilt virus. Plant Biotechnol J, 2021, 19: 2164-76

[133] Xu G, Yuan M, Ai C, et al. uORF-mediated translation
allows engineered plant disease resistance without fitness
costs. Nature, 2017, 545: 491-4

[134] Kim JH, Castroverde CDM, Huang S, et al. Increasing the
resilience of plant immunity to a warming climate. Nature,
2022, 607: 339-44



