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Abstract: Wheat (Triticum aestivum) remains vital to global food security, yet diverse pathogens constantly threaten its stable
production. To address these threats, the identification and utilization of resistant genetic resources is the most effective and
eco-friendly approach to manage disease epidemics. Based on a systematic review of the molecular mechanisms of wheat immunity,
this paper compares the infection strategies of biotrophic and necrotrophic pathogens and elucidates the evolutionary arms race
between wheat and its pathogens. Particular emphasis is placed on key immune regulatory mechanisms, including resistosome
assembly and allele-specific evolution, modular cooperation mediated by kinase-integrated immune receptors, and host physiological
homeostasis reprogramming driven by non-canonical resistance genes. In addition, the molecular basis by which pathogen effectors
promote susceptibility through hijacking host immune pathways or exploiting hypersensitive response-associated cell death is
discussed. Building upon these mechanistic insights, we summarize current strategies for resistance resource discovery and precision
improvement, including the construction of panoramic resistance-gene atlases, the exploitation of novel resistance resources from
wild relatives, and receptor optimization through targeted editing of key genetic loci. In response to the continuing evolution of
pathogen populations and the increasing prevalence of multiple concurrent diseases, we further propose several emerging directions
for resistance improvement, including the decoupling of immune activation from cell death, the evolution-guided design of universal
immune receptors, and the establishment of multi-kingdom immune ecological barriers. These concepts provide a theoretical

framework and technical foundation for the rational design of broad-spectrum and durable disease resistance in wheat.
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Stripe rust, leaf rust, stem rust and powdery mildew are biotrophic diseases,
mainly occurring on leaves and stems. The rest are necrotrophic diseases.
Among them, fusarium head blight and wheat blast occur on spikes, septoria
tritici blotch infects leaves, and sharp eyespot as well as fusarium crown rot
prevail on stems. The pictures of wheat blast and septoria tritici blotch are
referenced from Singh ez a/*>"*!
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Fig. 1 Disease symptoms of major wheat diseases
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Fig. 2 Types of wheat disease resistance
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Table 1 Cloned disease resistance genes in wheat

F [ Gene £ A Protein 4755 Loci 4% Donor %5 Disease
YrSa/b/x BED-NLR 2BL Wi WURE/INGE T, speltas %459 Stripe rust (Ps?)
WM/ T, aestivum

Yr6' CNL pair 7BL MM T, aestivum 25459 Stripe rust (Ps?)
Yr7 BED-NLR 2BL WM/ T, aestivum 254590 Stripe rust (Ps?)
Yr9 CNL IRS W S cereale 2445995 Stripe rust (Pst)
YrNAM (Yr10) NAM-ZnF-BED 1BS MM T, aestivum 25459 Stripe rust (Ps?)
Yrl5 (WTKI) KD-PKD 1BS WA —Ri/NFE T dicoccoides 24595 Stripe rust (Pst)
Yr26 DTMP 1BL TR NFZE T, durum 254595 Stripe rust (Pst)
Yr27* CNL 2BS NG T aestivum 254595 Stripe rust (Pst)
Yr28/AS2388R; Yrdet672  CNL 4DS \I2EEE de. tauschii 254595 Stripe rust (Pst)
Yr36 (WKSI) KD-START 6BS WA —Ri/NFE T dicoccoides 24595 Stripe rust (Pst)
Yr84/TDI21 CNL and NL pair 1BS W1 —Ri/NSE T, dicoccoides 585 Stripe rust (Pst)
YrKB PH-START-EDR2 7BL WIMNE T. aestivum 4459 Stripe rust (Pst)
YrUl ANK-NLR-WRKY 5AL BRURENE T urartu 4459 Stripe rust (Pst)
Lrl CNL 5DL WIMNE T. aestivum 4595 Leaf rust (Pf)
Lri10-Rga2 CNL and CNL pair 1AS WIMNE T. aestivum 8599 Leaf rust (Pf)
Lri3 (Ne2)® CNL 2BS WIMNE T. aestivum 8599 Leaf rust (Pf)
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#:3% 1 Continued table 1

FE I Gene & A Protein {L A, Loci 4% Donor A E Disease

Lrida Ankyrin TM protein 7BL WM/ T aestivum 599 Leaf rust (Pf)

Lr2l CNL 1DS WIPEEE de. tauschii 4595 Leaf rust (Pr)

Lr22a CNL 2DS WIPEEE de. tauschii 459 Leaf rust (Pr)

Lr30 CNL 4AS R NFE T. durum 459 Leaf rust (Pr)

Lr39 KD-KD-MSP-WD40 2DS \I2EEE de. tauschii M55 Leaf rust (Pf)

Lr42 CNL 1DS WIPEEE de. tauschii 459 Leaf rust (Pr)

Lr47 CNL TS#1S Wi DURE L 25 de. speltoides 459 Leaf rust (Pr)

Lr9/Lr58 (WTK6) KD-PKD-vWA 6BL /NI PER de. umbellulata 4595 Leaf rust (Pr)

Rga2 NLR-ID 1DS Wi /NFE T. aestivum 4599 Leaf rust (Pr)

AcRLK2P-1 LRR-RK 2PL UKE Ag. cristatum 4595 Leaf rust (Pf)

Sr6 BED-NLR 2DS WIMNE T. aestivum FF4%5i Stem rust (Pgt)

Sr9 CNL 2BL R NEE T. durum FF5i Stem rust (Pgt)

Sri3 CNL 6AL R NEE T. durum FF%5i Stem rust (Pgt)

Sr21 CNL 2A"L —Hi/NEZ T. monococcum F4%5 Stem rust (Pgt)

Sr22a/b* CNL 7A°L; TA™L WA —Ri/NEE T. boeoticums F4%59 Stem rust (Pgt)
—ki/NE T. monococcum

Sr26 CNL 6Ac#IL 5K AR ZZ B Th. ponticum F4%5 Stem rust (Pgt)

Sr27 CNL 3RS WF S cereale F4%5 Stem rust (Pgt)

Sr33 CNL 1DS 12E¥E de. tauschii F4%59 Stem rust (Pgt)

Sr35 CNL 3A"L —hi/NE T. monococcum F4%59 Stem rust (Pgt)

Srd3 KD-DUFs 7EL AR AR E B Th. elongatum FFE595 Stem rust (Pgt)

Srd5 CNL 1DS WIPEEE de. tauschii FFE595 Stem rust (Pgt)

Srd6 CNL 2DS WIPEEE de. tauschii FFE595 Stem rust (Pgt)

Sr50 CNL IRS BF S cereale F4%59 Stem rust (Pgt)

Sr60 (WTK2) KD-KD 5A™S —Hi/NEZ T. monococcum F4%59 Stem rust (Pgt)

Sr61 CNL 6Ac#3L 5K AR ZZ B Th. ponticum F459 Stem rust (Pgt)

Sr62 (WTKS) KD-PKD 1s%hs YRILZERE de. sharonensis F4%5 Stem rust (Pgt)

Sr66 (TA1662) CNL 1DS WIPEEE de. tauschii FF%5i Stem rust (Pgt)

Sr8155B1 CNL 6AS R NEE T. durum FF5i Stem rust (Pgt)

Pmla CNL 7AL WIM/NF T. aestivum K% Powdery mildew (Bgt)

Pm2 CNL 5DS WIPEEE de. tauschii K% Powdery mildew (Bgt)

Pm3albld CNL 1AS WSWANAZ T aestivum #3955 Powdery mildew (Bgt)

Pmd4b’ KD-MCTP 2AL W /NAE T, carthlicum #3955 Powdery mildew (Bgt)

Pm5e' CNL pair 7BL /N T, aestivum F1¥19% Powdery mildew (Bgt)

Pm6/52 CNL 2GL RSAEYE /N T, timopheevii F1¥19% Powdery mildew (Bgt)

Pm8, Pm17 CNL IRS HWHE S cereale 14} Powdery mildew (Bgt)

Pmi2 CNL 6SS i VURBE L 2E3E Ae. speltoides ¥ 9% Powdery mildew (Bgt)

Pmi3 HeLo-KD 3s's FRILZER de. longissima FTH9 Powdery mildew (Bgr)

Pm21 CNL 6VS B D. villosum #3995 Powdery mildew (Bgf)
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#H Gene EH Protein LA Loci {t4& Donor R Disease
Pm24 (WTK3)® KD-PKD 1DS WHNE T. aestivum 4% Powdery mildew (Bgt)
Pm26 CNL pair 3BL W4 —Ri/NE T dicoccoides k)5 Powdery mildew (Bgt)
Pm36 (WIK7) KD-KD-TM 5BL WA —Ri/NFE T dicoccoides FUk3 % Powdery mildew (Bgf)
Pm37* CNL 7AL W T, aestivum 39 Powdery mildew (Bg?)
Pm4l CNL 3BL By —hi/NE T, dicoccoides 4% Powdery mildew (Bgt)
SuPm55-Pm55alb CNL 5VS "B D. villosum FUk3 % Powdery mildew (Bgf)
Pm57 (WTK6b)® KD-PKD-vWA 2SL PRI IL2EEE de. searsii F¥195 Powdery mildew (Bgt)
Pm60alb; MIIW18/172 CNL 7AL B¥REVNE T urartu; FI¥ 5 Powdery mildew (Bgt)
W1z ki /NSZE T, dicoccoides
Pm68/WRI83/MIIW39 CNL pair 6BL W2z ki /NFE T, dicoccoides ¥ Powdery mildew (Bgt)
Pm69 CNL 6BL W2z —Ri/NSE T, dicoccoides ¥ Powdery mildew (Bgt)
Pm6SI BED-NLR 6S'L 1 KIIZERE de. longissima ¥ Powdery mildew (Bgt)
PmAeul CNL 2UL N ILPERL Ae. umbellulata FI¥ 5 Powdery mildew (Bgt)
PmTRI, PmTR3 CNL 6RS W S cereale ¥ Powdery mildew (Bgt)
WTK4 KD-PKD 7DS WI2ERE Ae. tauschii F1¥19% Powdery mildew (Bgt)
Yr18/Lr34/Sr57/Pm38 ABC transporter 7DS WM /NE T. aestivum Pt Multiple diseases resistance
(Pt/Pst/Pgt/Bgt)
Yr46/Lr67/Sr55/Pm46 Hexose-proton symporter ~ 4DL WM /NE T. aestivum Pt Multiple diseases resistance
(Pt/Pst/Pgt/Bgt)
Lr85/Yr87 CNL 65"s/6S's YRlLPER de. sharonensis; 4T Multiple diseases resistance (Pt/Pst)
FKILPER de. longissima
Fhbl His 3BS il /N T, aestivum 7RFI Fusarium head blight (Fg)
Fhb7 GST 7EL TR KRS Th. elongatum 7RFI Fusarium head blight (Fg)
Stb15 LecRK 6AS il /NE T, aestivum A% Septoria tritici blotch (Z7)
Stb16g CRK 3DS IR de. tauschii A% Septoria tritici blotch (Z7)
Sth6 WAK 3AS Wl /NFE T aestivum 495 Septoria tritici blotch (Zz)
Snnl WAK 1BS W N T, aestivum Sk Septoria nodorum blotch (Pr)
Snn3 KD-MSP 5DS IL=E2E de. tauschii FkiI% Septoria nodorum blotch (Pn)
Tsnl KD-NBS-LRR 5BL MM T, aestivum B Tan spot (Bs)
Rmg7° KD-MCTP 2AL Fehr —hi/NE T. dicoccum 5% Wheat blast (Po)
Rmg8 KD-MCTP 2BL /N T, aestivum 5993 Wheat blast (Po)
Rwt3 CNL 1DS il /NE T, aestivum Z#JiJ93 Wheat blast (Po)
RWT4° KD-PKD 1DS II2EHE de. tauschii FJEJi Wheat blast (Po)

AR E_EAAR B AR R — AL AR [ 2524 JE K] The same superscript numbers represent different alleles at the same locuse BED-NLR: DNA &5 &3 11 s
NLR BED (DNA binding activity domain)-NLR; CNL pair: X 14545 B2 ) NLR Coiled-coil domain containing NLR; NAM-ZnF-BED: #% 5% K]
F e DNA 45478544358 No apical meristem-zinc finger-BED-type; KD-PKD: 45 #4) 3ok S A5 i 45 4 3k Kinase domain-pseudokinase domain;
DTMP: XU 1 Double-transmembrane protein; START: [ AR B U T 15 8 AR OGR4 B8 45 #3K Steroidogenic acute regulatory protein-related
lipid transfer domain; PH: IfiL /M- FA 41 M C 3 JES 4 [A) Y5 45 K45 Putative pleckstrin homology; EDR2: #4530 471% 4 Enhanced disease resistance 2; ANK:
i35 1 E R )71 Ankyrin repeated sequence; WRKY: WRKY #5% K7 WRKY transcription factor; MSP: =% 725 [1 Major sperm protein; WD40:
WD40 %5741 WDA40 repeated sequence; vWA: ML PEIL AR R F A B45#4)3% Von Willebrand factor type A domain; NLR-ID: NLR #4445 #J3 NLR
contains additional integrated domains (ID); LRR-RK: SZ44&AF40 15T Receptor-like cytoplasmic kinase; DUFs: A %13 8845 #4485 Domain of unknown
functions; MCTP: 4™ C2 44 4k % #5 iK%, Multiple C2 domains, and transmembrane region; HeLo: Wi % 5 £ 45 4k Helical bundle and loop domain;
ABC transporter: ATP #4125 [ ATP-binding cassette (ABC) transporter; Hexose-proton symporter: CU-2 T [A] M #412; His: B -S4ARARMAGLE A E
{4 Histidine-rich calcium-binding protein; GST: 73t H Ik S-##51l} Glutathione S-transferase; LecRKs: #t4E 32 A3 52 (48 [ Lectin receptor-like kinases;
CRK: PR IR 2 AL Cysteine-rich receptor-like kinase; WAK: 4l B4 5G4 Wall-associated kinase
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3.2 NLR Hufm/MERERZEE . Z4M 0L SRR I E
PN R AR R 204 i AT PR R S M i - e
CC-NLR (CNL) REHAMNT. 401, XEZHEAH
BRI ARSI AT G, 1A RS LLBU AMA L Bon
NLR % NLR A M 25 G FH L LA S5 e i,
SLThRENLHIR s — YU 0 B 2 R 2RI 5 3%
TR .
3.2.1 /MR A kG R BE TR R
BN, NLR i il M G 24k A 5 R 1, X2
JA BN G N (I BRFERE o 04T, /INSE Sr35 FEIRTIL
N f AvrSr35 Ja A R R BUR/AMA, N i a-
R T A A R 2 i N 4 LSS RSB i, o R
SR, X R R T /N CNL 2RB2 4K 8 8l 4
PEI RSB A ALHLE] . Bbah, BBt R, N
NLR & ] 20 R 1\ SRR /MA . 55 I i ) T
4K CNL How AIMAASTA], 1% )\ PR 45 by 5L B0 ) T
SRR, H CC 45 FA7 T LRR 25K 3AH X —l,
JE A T2 0 CNL /MR 1 25k HiAn 75 =, 3t —
AR T NLR o /Ma O 4B Lmises
HUBRA I, {393 =02, NLR /-1 HR [N AE
I 5o AN [ FR AR5 S T I 6 L L O S R S e 2
FEARP UGS RN, HR REWS AT R B0 5 e
RAE RS FEAACE FR IR, 55> NLR WU r] g Ul Jid
WA A R e R R IR PE” ik HR. HH
TICARE FER ) o I SE A RIS IR, X FhB
ARSI SR BE AR G, T L AR [y < s ] ik DR o 3
7 HAERA . ERNSEE T, NLR S A{EDhhE R
N “HBUEAMERED] (susceptibility gene, S) 7, TMAAK
{1807 00 A 75 46 0T 40 B BB PR RS 40 00 7 B 40 B B
[ AR SRPEME B R A (I 3) PO, X — % R,
Bt BEAACES 5 2R 5 1) 5 L SRS AN i TR B G e 0
T, T 30 o 36 K] g R M TS 9 AR SE I NLR
WU, BT R Re 8 e oAy EAr R R TR
O FHREPUR, T SIZI ER R N [ B S D 5 1)
AR, JEAKRHEE M 5 S A B 8 ) B A
3.2.2 ZREAWAMEMTFEMMIEEML Z4F
PREFE R /N2 NLR SR Bt T 32 & s A%
FM, AR R S B A H IR e 1 B A R R A
B, Y@ /NZZH) Pm3 47555 B EZ W) Pm8 Pm17 A
U FIJEFE DN, (AR A R A T AN ]
FUR B /NRR R BE 5T T LA i, B4 NLR 3
PRI PR AN [ S5 A A e AT SEBRpUME R e PRI 35 Ak 2
U5 5 4B L N Lrl3/Yr27 CRIEMR 22 531X 29

AN BB Ry S A BRI I PmS/Yr6 (55 60
AN WD R BRI 5 FIR LR Sr22/Pm37 (2%
544 (3 PUL xub filLn], D
LR S BT B NLR B2 A0 s 5 AT
SEIRBPERE S . UBAL, YR B LLSER Yr87/Lr85 JE
T M RSB L, L LRR S P8 Bk
R R EE " SEAAK,  nT BEIE I T AR S RN
T CEILERR) KRN0 85 R R 45 B I R B0
IR W], NLR B2 4R 1 U3 e BAT B i n]
IAVE, APURSZRSE . PO R DL ROR R
TROVHIPRAL T F BB . JET 45 LR 2 AR AT %
BEVURIAL R, IS5 Bl g 45 B0 3 i o S R T S
B, A7 EE S 507 DR A, s 7R
ORI A o
3.2.3 Jk*f NLRs 3 5 & & 6544 (IDs) By #H1hiE
A NETVFZ NLRs Jf AR OpUR AR R, T2 DL A
JRE-THBN A B AR SR PAT O 1 X )
TAE (E3) P iR, PmS (PmSe Fl RXL) .
Pm26 (TACNLI Rl TACNL5) . Pm68 I HA&A7 78 5
(PmWRI83-NLR1/2)  Yr6 (Yr6™ F1 Yr6™™) LI
YrTDI121/Yr84 (TANLRI1/2) ST A5, ¥H—XFhfg
SRS NLRs 4L, gbah, #84> NLRs
T BE DR Bl A TR RR R S 4 A8 (IDs) |, 3X
L A8 A A 5 AR T i BRSO R B A AR,
NS 5¥NFRBIRRE . HrdE MR h e EmE S
fiBEfs BED £l #iEAER (ANK) 45ifsf
WRKY #3551 45 F 8055 22 1D (%) NLR 2 [ o 51 it
/NFZIR YrSalb/x F Y7 58045 BED Z5RIRI002,
YrU1 )[R 44T ANK 1 WRKY PRh&s i,
RHL P R T A A 9 iR B 1 M R T
NLR-IDs [FJERALEIZ W], ) 8% 30 45 07 1 1)
RESE AT s IR AN Re ), X N TR AT
B Rr SR PO 2 AR T R R OR .l )
IO - HE 5 5 M B AR IRAT YU, T LAY
BT BT B N R s g, XN DU
R EE N T R 5 PR A R3S P 4t T 61
WA 2
3.3 HEAZASMEEANSHREZIFE

N R FEARE FE 205 i B R B P 2 B AR R
W52k PRRs /5. Biltun, 40 HEER GRS (WAKS)
Stb6 5 G RUBEE R Z AR (LecRK) Stb15 el /)
S e P TR S B FRLI B B AN T AveStb6 il
AvrStb15 K B PR HERY; 1My Stb16g nis—FPE %
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IR I B2 ARFEBE (CRKs) » AEIHIm-AS 5 14 1)
ARG, kD9 I A I ) 5. PRRs
PO R R A APV, 0 5 1 a0 B RF A
T ROV RS IR G, gt WAK 1) Snnl 1E
YU FRE R 20N 7 SnTox 1 Ji& KM 2 75 S 41l B 2t
T, NI AR 105 B B ) A, 2 Ik LAY 1) S
FRAET, AR LT B — PO A s AT, SR THSERt S
) A E R, LL LysM RN SHJL T R
PRGN, B NT B REZ LT ik
KR CERKI-V 3 Nl /INZ I, Hogfd 2 1 Refig 5
U5 %Z A& TaCEBiP J¥ B % 9% 5 & 1k, 18 i #0E
MAPK/CPK BEIRAY 7 8 R SRR 5 KRR 45
WHEE S, BEWFERTH N . &5
FARFERIPE (& 3) 69, xR g
HNIEEACA B RN 2 4, mT S a2 0 22 P
SR R e RE T, T R B o R AR R s
P

TR 5 A R T AR AR 22 AR B PR 2H b B
() — 2B AL R JEDN, A Tl Y 45 1 I (KD)
LA D) ReIR IR G, S T AR G g 2 AR AT
XoF [ 5 R S R A T 2, TR S I 22 FEAL PR i Jid
SRS 5 LA bR (RT3 B AN
TSR S RE, HB o i Al A R e E PTIS ETI
FRAE, DRk S A S s R 4 b B A i
I — 2 E .
3.3.1 EEEMEE (TKP) WiRHErrsE £ 4%
Pk XS O A A I (B
filg) g5, B /NEZHURIT TR BFFUIESE,
POEEWRE A RWTS Bl N s 5 0 =2
(KDup) MR IEMR (V124/R125) MBI 45 K
W, (PKD) BHESG N AviPWT4, dEififidlxsr+
RGP eR S B= Y (LT R N U G == 171
/R T TKP w] E:5 590 S BR8N 1 (R ) ek R0 1)
I}, TKP i feill i 5 50 ME T i “ Wii-NLR ” 25
B (B 3) o g, Bt 8w 8 Pm24 (WTK3)
T I RS Kin T 45 MBS AN RN 7 )5, A Kin 11
SERI T E NLR 2R WTNI, 20258 e 3k 45 & 1
(Ca™) WILIE G LBE BB N FiFH
T Sr62™ f#) Kinase 1 45Ky 75 5 L& #1014 Kinase
2, BN T AvrSre2 5 Kinase 1 5a 4455 G BEIK
Kinase 2, i L5855 HAESHEFHOE FF Sre2™ fil &
g™, RSy TKP JHEMOIRIEER, hits
NLR B2 ) RERBIR I R 5 15 5 i SR &R o 1K Fh

WU S rE T 20 8L ZART-RKS1-PBL2 = #4143
e AR AT B R A BET) 3 s g R 2 W il A 1
AL REEAE i JEUB SN e, I REE 2 5 e i 5 1)
i GO R . WM, XRZ AR BA
BRI AT I o R RN RO A R AT
) o, He B RO R OGO B b
SR B SRR EE S %

3.3.2 Wim-ELHMmbEE (KD-ID) MELALH
BT ARAE R IR KD SN AL(ID)
(IRLE ST DhRE AR ORIR 2 inBeAr a5 8 1 Srd3
FERCT PIANRANTHRER) DUF Z5k038; Hrrakhmisz
Pm13 WUt N iV A SR BB 8 (MLKL_NTD)
5 C o2 0%/ AR BN (STKD Mk, S50
2 MLKL (BB HAT 41 Ha 26T FIALHIAS ], Pmi13
TERE T HH I 25 K 5 N ity o SR E EL B/ 340 BB T 1)
VERMLAEIT ™ PUErRmi SR (1 Pmdb 38 Bl S %
A C2 dikglgifhs, FIREREE B 3AE T Rk
SRS AW, LS OB BT R v T
BT R R T JR B AT X Pmd AL S 1
WYY T EA A SviPmd (Bl AviPmla) fEAE
R AN BHIT AviPm4 5 Pmd fid & (1) S8 S N
HIZAZ AR Pmla PR, S W H 9 i e 25 )
5 % 2 g WA s 2 TR R S Py R AR FE U R
1M, KD-ID A3 (W HUE FEAS R E R I 1E 17 B A
BBy RS2 ARG Tsnl Al Snn3-D1, 7853 5 A BEH
Fiiod B4R Tox A BUAURG T IR R, SnTox3 Ji, 43
WEACMCE FR AU AR, AT “ B e Sk
A SR B AR () 2 JEHERRTY; ML R, Pk
1 Yr36 (WKS1) BN 5 START 45 Hsknl
B e B URE BT AL s R N i S 0 S 0 IR AL
PsbO HI§56E1ER IR H0, FAR, RN #ER 1L
tAPX P bR TR RE 7, TS 3 o s i P 4
FRBRIGNMZET, S & PR SR T 778, seq
TR WG 25 M AT AN Re e 40 F S2 AR SR 1 (1 1)
RELL T, AT HE T S A S N AEAS R R Yy =
PGS R XA S DRe M 2 R AL, Tl
PRfRRAY) e RGE NAE B R AL T B, [
I, AR D e 4l R s 2 (] FR Pl 2 A5 AR A DO 52 Ak el
TEHUFT RGO TR AN IR AL T BRI, AR 2
CARFURSAED T 5 R A

3.3.3 HfuL Ry iEFETusEE  HREOMAEE
1155 R Rl 1 SR R B0 AR R R A R A
73, FLEAR R T D 5 51 22 S R RT 5 3500 S 03
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B SRR AR . B, Pm24 5 Rwed T840 A8 5,
BT R LA B A, I8 BENE A 50 FEJEW I BT
PRV 52 L, IR Pmd4 KKK Rmg7/Rmg8
IFi) A FE A R 6T (1 K93 -5 22 90 1) 22 T B A B8
UEAh, B Lr9 S8R SR PmS7 ifit
(1 85 [ [RIEE ik 88%, HINA S RlA vWA S5,
SRR T /N F2 AN [ S (L R R <R 2
U7 BRI R T U R R R I R
H% S S SR UG B S i R, I TE R
FEALIPIPERS . X — LG S T R 7E K S P IRk AL,
TR PO B R R IR ) IORE RIS N, AR R T AR
B RAEPURINRE AP A . A E ORI A
By ST E PR DR S 1 (0 DG B AR ST R
T LR RS T BOGH I AT AT IR, 2
PRACIRAT ST SE IR, PO ) AT S B i e o
PR, RN SRR AU RS B R &A1
3.4 FELHMRMMERNSHERRSEWS LR

EHLHI

ANTR] T LA 0005 J5 8O 1A SR AR g
MG g, N IRAEAE— L PR P 32 A SRR
A SR AGUE AR ML LR . XL R
B SR G AR, Tl B AT 0 e QI
BT R LSRR AT IR, S AR AR
JEUTR 2 B I8 Y 55 7 1 R
3.4.1 HEEARFNMNEENRMESERAEZ ML
T I SIS R T ) o BOASUART SEIRL T X9 R TR )
CITRNEB (B3 o TS REABIMERER Yri8/Lr34
Gt —Fp ABC iz, w48 5 ik s
WEREAC I I (e BB IR 1) 1A« W IR G 22 2% ) S b s
BB RBORES, TR I AR (ABA) [ftia
B8 7 38 A P 3 i 584 Yrd6/Lr6 7 T G —Fof
OIS TR, PURSEAR S B R A e s TE
FHr= e B IR A g HIAL, AT B A5 Bt
B B R A AR e FRDOS S A, AT
JlE &6 START Z5K3 i) 8 A T R ) ik i fb
M) 5 — R, PR ER Y36 5 YrKB
(TaEDR2-B) YJVLE R N R AL, B 55400 B g ik
K AtEDR2 [R5, {H W] GEM I 45/ A5 T M A
LA 15 PO B 1K Th BB /4L START 5k 4 A iR it
TRNIFOG, nE R R A S IR S R R A, R
HE R VO B S DR T R A S, B g
BB R e i o PR L (1 T A S AL i e
T YrKB FHe i G AR (no yield penalty)

RETE, A AT Mg AR AT vk 5 R R T
BEor TR,
3.4.2 BY AN FHAIAIZL 4 HHhE
SAVENR IR AR I E 20T, HA e sh A e
MBS FieE . SOt R, SR O EE RS
(ANK) IR Lrida AR _EE—FPIhfgdE Ca®*
Wi (B3 B MRS S, Lrlda (EH A 40 A
S S iibu ey Lt PANHE I ) Y S B ReE 2 aE SE X Gbun
TP ANk /e HR. X PR g il S 4L L )
ST AR G A 5 AL AR SN 2 ) (P ) 4, At
PR B A% 1l S KT RN AL SRR AL B I LT A8 35 B w1
JE A
3.43 HFEFPhE5M,-BERANEAMRARLE £
XS AR SRR R I, DA T B R
E5RS A R 4 K 53 1 HBER A PR AS [R] R B A8 s ms (&
3) o —J7lfl, Fhb7 gt bt H Ik S-# % 1 (GST)
Al I (i1 DON #5385 48 D H IR 45 4 52 IR 1 42 il
B g, BT FhbI I ECHTIE ST
7N, HOCHEIL R gn it 2R (1 TaHRC WL “ -0 5 257
TE R R FRRADIR S Yo T MR BURR P g 2
TaHRC-S 7t DON ® R T § 2 KA B I K3
SERTY)ARZH S (11 TaSR45a) 25 7 N B R &
FREH Chub) , 3 I 5O G A G DT 1 ] A% BY I i
U DON A3 ¥ 41 Ma 56 1 5 8K 5 1 b A
TaHRC-R [K N i B e 2 MR AL 2 B S s,
AMXE S 4 DON 5 EANBURK, B REMIHIR 5 AR 71
MAH B, AFILAEREAE AR A, MM EREE T S (i
SR EH AR IR TN SRR o SR i R
ARG B SRS R 2 i B R e R L A, A
filt T /N 2 AR R S R B SR A T AR I AR AL
A

XA UL R ARG Z KR bUR 4, B
FEREAN H e I SR BEARHY, (R DR S T
) B 2 1 5SmSR, AT RO RE TS iR R T o
AR S i kg A PR B fE Y SR SRR AT, B
/N BRI I AL G2 11 52 A4 U 50 R0 4 % 1 41
TS IR YL o XA T8 I O i 1 1 3
JURE PR BRI /N 73— SRR 1EAH 23 B R SIS P A
JUE P R B e TR, O TR RORS R [n] FR 4 U
] BT AR R BRAS B B ek B s B AR FE R T
i,
3.5 MEENFEEBRSEELE

ARS8 A 32 BT AL T A
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BELT T 9 D b R P 27 1 SRR AR %, AR TR A HL
JoRg B .

3.5.1 M MARKSH FORENBIA A AR
J& MLO. MLO & A T, ik F i 452 A0 s
20 B PR PR AU AR AE R ML RIS, X% Bk
FURY B IR AR EE TR, INEE TaMLO 5875 4,

REMR ) e Hurk, (HAB 5 i & 2l /N2 Tamlo-R32
W K Bl 5 VR QAR5 i, vl 53 i
B TaTMT3 33K, MIIAELERF S (0 A I 43
MLO IR B4 R, ST B AR5 AT )
RHEE LT,

3.5.2 HMfETHEBNRNTHFSETHKA I
D BRI K 27 1 I A5 A 08 B 1 A S S B AR G )
W&o BN, &AFHEBUN T PsSpgl il i Bk /N 32 il
TaPsIPK1, 3458 H AR K1 TaCBF1d (1)
BT, AT A0 77 A S DR 20 I S EOR 18 B 1R
558 B 7R T 993 I B G e T 1 4 B P
VA SO, KR ) I AR e Y T A S R TR G
JEITIRAS o
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Fig. 3 Structural diversity and mediated immune defense mechanisms of wheat disease resistance genes
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4.1 EREREEMESERBERSRKE
BT R R L, AN ZEDUR R
R ERT QR AV IR R 7 RPNV T I EN Y G R 4
H2mPkik. HTAFEURAL RN
B L XGRSk Z R GE8EE, BU BE A HIAEAE
SIS AIACET il BE, WA Bk RS Bt

PE sy, Ry sRATRIR . WTRGIE . WP R A 2
“CEMUET RSB NZR TR DR HE B T R

(T EILA . B PIBOE L B A A BRI 1.5 J7 4R
PRIR I 4.7 TIANAE W PUER s, R AR
RIFZEFE T, AL 431 A QTL A7 AU/t
AR ZESEAAEE T W Yri8. Yr29
LS WPITENT SRR, R 172 N HEAW
P2 AN BB o5 o JE 3 6] 7 AR )M A5 A7 3 R
PN VPAL, B JR T B R AT - B B R R
a5, s T H PR RS A E SR, R
RRHH Pst S FRA/INF AP E V26 BRSO Am Bk
INFEGUMERE SR S o [RIRS, 2 () 4 B A AT I A T 4
BRI IE PP R R D B AT S R A R i
PLRL, 7R T AR Z2 DB SR AR B AT s A0 i
(22 A SEI R Bs BE DR PR R 2 e 4 5 DX 3 H v
AR T Pk . BRI AL, ARG ST —
AR T R AR R FEER R, R
I R IR R 25 2 g o RN 2 484 AN QTL HHAT7C
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ZWEPIEIA S CRER) « HERINE, &%
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AEL, 0 AN R A 25 DRI B B H PR BERF 24 107 A
O B o 0 JEEE AN A B0 A7 A RT3k
TN E K HAESE R, AL A0 R N+ X R iE
I g R AP S I AR E AR R .
wr, FEAAEER EIR X AR R G i R AP R N
Y Hh A2 T BRI R 1) R iR 2 R R
X, UA]E ASOR R 200 U S A AT
WIRZRA. Bk, 25 B E R EA AU
B R R, TEARILAE R AN () A 2 DX kil o 22 e
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FRFH IR I DRI A5 7 i A A Y L R W A R 3 5 Tk
GARIHY BB P S D8 PR HEAT SR AR 22
Lz
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EFR B AR, RGN 1) s 2R
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PURSENIEN . A e, SN AR %e It
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AW 5635 LA R D RES UE SR M RF ST, i se &
I 1F HH BEALIRE 2 20 e 1) H bR ) DRSS 29 . XA
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FEPUR IR FERR AL T S
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