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S PER RIS, NS R AS B0 R 57 5 A SR
SRR EAE AR D, R e R RS, 73
SRR R O B U R B H 8 B v (PAMP-triggered
immunity, PTI)FIRN 8 UK 19 5 v (effector-
triggered immunity, ETD)™. PTIF=% by 40 it 2 1 A
PR 5Z A (pattern recognition receptors, PRRs)fifi’z, £
F5Z AR B4 Bl (receptor-kinases, RK )52 37 A B fiff (recep-
tor-like kinases, RLKs)HIZE3Z{4& % [ (receptor-like pro-
teins, RLPs), B T3 1R 50 5 g sl il A A 5 o+
15 (pathogen-associated molecular patterns, PAMPs or
microbe-associated molecular patterns, MAMPs)5 | & AH
W7 SRR SN, IR A A X DR A A L,
ETIN 41 M N AZ B R4S & s & e AR 1 751 %
& (nucleotide-binding leucine-rich repeat receptors,
NLRs)EFIRSON, B il &, 5 | i B 5 1) B 28 2 g 1 )
TRANMAE T AR AU V™, AR PN IR AR, A
PINLR R =25, 435llJ&CNLs (coiled-coil (CC) NLRs,
CNLs). TNLs (Toll/interleukin-1 receptor (TIR) NLRs,
TNLs)HIRNLs (powdery mildew 8 (RPWS)-NLRs,
RNLs). [ CNLASPUR/AIMA, A5 F XA
AN T Z AR T AR )/ NAE Si35, #RAE B
T B B TR S e O
CNLEPUR B HA L, TNLISHUR 8 H R0 45 #4345
TIREANAD KffGEE, AR EEF SN+
(pRib-ADP/AMPFIADPr-ATP/ADPR), #4{fADRI1/
NRGI1ZERNLYU & HIE WAYEDS1-PAD4-ADR1 A
EDS1-SAG101-NRG Ll #%, 7EAEWIIE FIU s 1l
ok Rt sk, JR SRR R R U A
T3 R 0 0 S TR B ) SO P, SIS B A
FERFRO 7Y Lre 7V FILr34U 4 53—t s f g
F A ml g 3L [H] (disease-susceptibility gene, S gene)
MLO"™' | RBLI®" SWEETs®V4. 1XSESLH M = R
SEHEE 2 TR e . Rk, TR EYAN ]
FURHLE, 2B B S R R R 22 2 1 AR

HAp, B gE AR OB EY PN B A R
TH, S ZMHTKREE. N TR EE
FEAREAEY AT R R, LR SR ) H AR LR
ARSI B S L RSB, SEET bR A
(E B, ALV Z IR, andg s e ok |
A S TR R e ) B — R A TR 9 VI
ROMER, FEE e T E, WA T 5 (zine finger

endonuclease, ZFN)Z*! | 5% S0 47200 M)A% iR Tt
(transcription activator-like effector nuclease, TA-
LEN)PT | 0 ol e 1) o o [ S 0 42 401 S LA 6 2
H(clustered regularly interspaced short palindromic
repeats/CRISPR-associated, CRISPR/Cas)?*45 i %
J&. TEVEYh, AR R S TR, WURFZEARICasti iz
it/ AICRISPR/Cas L K i f R ST . BB LS 4H 4% (base
editors, BEs). 5| 54’4y (prime editors, PEs) & HAi 4=
T.H.PrimeRoot (prime editing-mediated recombination of
opportune targets), fH15/NEF A S H1 2K (InDels) |
R R K B R T4 A SR R AT RER ().
HAl, T CRISPR/Cas9fy kK 4 T B & N
12, EHcrRNA ., S crRNA (tracrRNA) A1 Cas94]
1, crRNAFItracrRNAZ5 5| T CasOTE MR 5 TI ).
20124F, Jinek%E AP¥ M crRNAFlltracrRN AR A& —4
/INRNA%>T(single guide RNA, sgRNA), TEsgRNAK]
515N CasOL VI HARAL i DNAXUE. I FHIL R 58
B ) ) EI DNA XU T R 2045 7F: sgRNA 5320 nt
(nucleotides)y 5 | T 751 S HIFRDNA B AMICXT; #4755
T UFAIAEAEPAM (protospacer adjacent motif). Cas9fJt
PUNAYPAMIF 41 M 5-NGG-3'. CRISPR/Cas9ifl HilHlAx
DNA TG EPAM L5653 4/ 0f 3k 2 (8] Y] 5 DN A
WEE, M5 ADNAXUEE W24 (double-strand  break,
DSB), FHFI AN H B 1852 2R GEXT B DR 20 17 91 A 7
G 1 (). BRCasORREEZ A1, HABIS AR R
UNCas12, Cas13 X TnpBAFA% IR EE ST Y HE DN 25 i 2R ¢
WAEZ A REY A RN, A48T Cas9, Casl2a (Cpfl)
RREEE /D, I & A/THPAMITS, Hy”A4:1DSB
NBEA . CRISPR/Cas12aZ2 4 HicrRNA F £ Bl i1
THER, AT EtracrRNARI S, HI HisgRNA T3 3
S (FE (b)), T 2 H 35 DR g 4 A b g T LR 3400,
Cas 1324 [ U) FI A RNARIAL TR BG, T 7ERNAJZ X
HUBRIEAT (B 1 (c)). NI, Cas13TERIHIHIRNAG
BV EW T R IAR KW 1, I 2 R T 2 Fit
RNASGEEES A BIHIP224, 1esh, Cas1378 A M
Ak, Cas135crRNA KB Y IEYIZE TR =T 5
WG, BERAA, CasI3TAEVIEIFLARRNA, iLhE
SRS S D) JE UL PR BERNA, X —FRE AR
4% P (collateral cleavage activity)®”. Casl2ats HAF
5 Cas 1325551 MRS, BFaX —4EH, Cas13Fi
Cas 129G Sy PO A% R AGIN T, I e Bz I 3 H ]
IKFE A . 2RO . PRARIELN S 2R IR R )
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(a) Cas9 (b) Cas12 (c) Cas13
NHEJ,~ ~_ HDR
i g pisiin 1 111 R 111 -
' Sticky ends ssRNA
(d) TnpB (e) TATSI
~ freRNA o A Fong
mPing ORF2
& Donor o
! !
T, I IIOERY i
Sticky ends Insertion
(f) CBE (9) ABE (h)  Prime editor
nCas9 (D10A) nCas9 (D10A) RT
uaGl ) 0
s L = L
’ 4 2
- nCas9
Cytidine deaminase ||Adenosine deaminase (H840A) pegRNA

B 1 JETCRISPR/CasiiFEE 41 4t T H /R EIEl. (a) CRISPR/Cas9;
(b) CRISPR/Cas12; (c) CRISPR/Cas13; (d) TnpB; (e) TATSI; (f) Jfim50E
TREA RS, () MRIEISTRILANERAS; (h) T13:2%H. NHEJ, JE[R)JE
K%, HDR, [AIEHEANFIBE; ssRNA, HEERNA; TnpB, 5%
JEREB; TATSI, ¥R BIFL AR5y Pong, HUUKTEHOHE HEBERE N
ORF1, ORF2, ¥ R} Pong s [1; mPing, KWF/KFERYAE A EHEE T,
nCas9(D10A), RuvCEEHIIIE CasfZ R Y] 1T Hf; UGL, JRIEBE
DNABEEEFEHIF]; Cytidine deaminase, AEMENENZEE; Adenosine
deaminase, i I HE; nCas9(H840A), HNHEZE A 1% B Cas9R% iR
YIEfil; RT, 1045 580 pegRNA, 51 5408 1 RNA. BiorenderZ: &
Figure 1 Schematic diagram of CRISPR/Cas-based genome editing
tools. (a) CRISPR/Cas9. (b) CRISPR/Casl2. (¢) CRISPR/Casl3. (d)
TnpB, transposase B. (¢) TATSI, transposase-assisted target-site
integration. (f) Cytosine base editor. (g) Adenine base editor. (h)
Prime editor. NHEJ, non-homologous end-joining; HDR, homology-
direct repairing; ssRNA, single strand RNA; Pong, rice Pong
transposase; ORF1 and ORF2, rice Pong proteins named ORF1 and
ORF2; mPing, non-autonomous rice transposable elements mPing;
nCas9 (D10A), nickase Cas9 with the D10A substitution in the RuvC
domain; UGI, uracil DNA glycosylase inhibitor; nCas9 (H840A),
nickase Cas9 with the H840A substitution in the HNH domain; RT,
reverse transcriptase; pegRNA, prime editing guide RNA. Figure created
with biorender.com

RrE7S), EXTCRISPR R GEAL I AL 5 At it rp
PR, JEAZ A % VAL % () Top B Cas 1 24% 2 i (1 4HL
4e, WLATEreRNA(right end element RNA)5 |5 T4
FIXUEEDNA, 1EFAPLH 5 CRISPR/Castiifl, F+HILA
A FREEA, HARFERIE ML LN EEY
(F11(d)). B FE LR A5 70 by M 87 W s i 4% (cy tosine
base editors, CBEs)FIJEMEENS il 3k g 5 (adenine base
editors, ABEs). CBEsHinCas9(D10A)FIHi4%EDNA ity i
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WE A 2 Bl (cytidine deaminase enzyme) 5 JRIEE DN A
FE M HN 57 (uracil DNA glycosylase inhibitor, UGI)ZH Y,
(E11(f)). CBEs T LU £ 7 11 PN 114 s e A4 DAy i
WEIE, R C-GRgIEXT 54 N T-ABIEXTEY. ABEsHinCas9
(D10A)FIAE [a] AL RN AR 1 I 2 (tRNA - adeno-
sine deaminase, TadA)Z1 1}, SEIRA-THHIEF G-CHEFEXT
A (E (). 51 2dmiE A TR Sk, Cas9
(nickase Cas9 H840A)FI H AL A5 A5 | 5 Gl 6] FRNA
(prime editingguide RNA, pegRNA)ZHAL, H:H'nCas9
(H840A) 78 2= i HNHAZ R B 45 3R %, A AR A3
ARROAREE [ 7= AR PRI, pegRNAZR D 2R 2548 17 41)
(1030 5 SRS RN 3 3 1) 5 | 0 45 A O O 1 (). B
SECRISPRAIC TH5HUR B RML &, KIEE M T
BREW, NEYPOR & BRI T B e, AR
HATIE T AR G R TEE PR e E s R
PASEEGER (). &5, A TSN R iE AR E
Yrisife & Fh il & e, FATR AR BT kAT
TREH.

1 JEHGREBIARTEEIHURSOR R

2 Gt s Hk PR B4 e B A0, TS T i 5 — E R A,
N ve R SR, PO AT AR PR I T 0 A B
A B MR GE e 2k, 3R] RE BT R BT IR A AR X
2. SR, 3 1k S DR 2 BB AR AR 2 DR 2 £ 2
B, PR EAS RS AR ISR AL, ST RE LS BT A
PR AL T R A SE B R IRE . SR R A 1 T
A T AR BT s AR B B, T ELAN S 4
i, IR TR PUN & R

L1 ARV EA DR i W]

AR it B, H R DNATR A S B
DSBMER R4, fFE3E R J5 A %1% 2 (nonhomologous
end joining, NHEJ)FI[E]IE 7118 (homology-directed
repair, HDR). H:FFNHEJ/&DSB#: F B KEE k. F]
FHNHEIE [ 4 AR, TR TIAEA Y Sl T 3
OGN A E TR W O
B0 BT, NHEIN S B3 A AT e 2 1E H ARS8
FK 51 AlInDels B i A7 1] B REHLAEN Y. K Ag
KumarE A2 VE BT 1A RRS Uit . b2 R B L
TR W AEUA% R 0 R i T T A U CRISPRAL 1]
715 HP SRR AR A BORE B R A ). VR A X Rh
TR PR A AN [7] 1) B SR80S Rl R AL F-PthX o3 11
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Table 1 Genome editing for disease resistance in crops

=LY i T H HARIE Btk EZPUN
IKFE ABE. CBE SWEETI4 LR [42]
IKFE ABE (rBE14) OsTubA2 BRI [43]
IKFE CBE (rBES5) Pi-d2 TR [44]
IKFE CRISPR/Cas9 Bsr-d1/Pi21/ERF922 RO . BRI PEAL 250 [45]
TKFE CRISPR/Cas9 OsCPK18/0sCPK4 FEIELI [46]
IKFE CRISPR/Cas9 OsERF922 FEIELI [47]
IKFE CRISPR/Cas9 OsFdl FEIERE . A [48]
IKFE CRISPR/Cas9 OsSWEETI1/13/14 A [49]
K Fe CRISPR/Cas9 Pi2l FEIELI [45]
TKFE CRISPR/Cas9 Pi21/Bsrdl/Xa5 R . IR [50]
IKFE CRISPR/Cas9 RBLI R . FEHIRS . A [20]
IKF5 CRISPR/Cas9 RODI FEIERG . SRR . EINTHGR [51]
KA CRISPR/Cas9 TMS5/Pi21/Xal3 FEEE . AR [52]
IKAE MoBE OsACC i 7 [53]
KA Prime Editor TFIIAy5/xa23 SR [54]
IKAE Prime Editor xa23 FA A [45]
IKFE PrimeRoot PigmR FEIER [27]
IKFE STEME 0sACC 255 [55]
Nz CRISPR/Cas9 TaCIPK14 5% [56]
Iz CRISPR/Cas9 TuelF4E INFZ BEAE R [57]
INEE CRISPR/Cas9 TaMKPI . FRA [58]
Y= CRISPR/Cas9 TaPsIPK1 S [59]
Iz CRISPR/Cas9 TaWRKYI9 3] [60]
NG TALEN/CRISPR/Cas9 MLO R [61]
INEE TALEN TuEDRI FUBA [62]
FE CRISPR/Cas9 HvMORC1/HvMORC6a R . RN [63]
K CRISPR/Cas9 PDIL5-1 KETACNG . AL [64]
Tk CRISPR/Cas9 ZmChSK1 FOR/NBERR [65]
Tk CRISPR/Cas9 zmfbl4] FOREAR [66]
EFS CRISPR/Cas9 Zmferl FORTEE R [67]
Fok CRISPR/Cas9 ZmGDlo FKH LR [68]
F ok CRISPR/Cas9 ZmNANMT INBESR . KBRS . 2R [69]
=S8 CRISPR/Cas9 StDNDI ThES SRR [70]
NS S CRISPR/Cas9 SINPR3 R RS A [71]
NS A CRISPR/Cas9 StPM1 T4 BRI [72]
S CRISPR/Cas9 StSR4 LS ISR [73]
o CRISPR/Cas9 miR482b/miR482c AR [74]
i CRISPR/Cas9 PMR4 e U [75]
F CRISPR/Cas9 SIbBs5/SIBs5L A MR A [76]
Fi CRISPR/Cas9 SIBBX20 T AR [77]
i CRISPR/Cas9 SIJAZ2 YNTE B0 . KBRS [78]
Tt CRISPR/Cas9 SiPelo B A [79]
it CRISPR/Cas9 SIPUBI7 T KA . WPER [80]
LiiYia CRISPR/Cas9 Ghl4-3-3d AL Z0% [81]
i CRISPR/Cas9 GhMYB33 HAE B Z50% [82]
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[E£3))
=] it T H AR FEH btk PN
s CBE BnALSI1/BnALS3 [FRR [83]
Mg CRISPR/Cas9 BnalDA TSR AR [84]
g CRISPR/Cas9 BnaSTOP2 TSR AZIR [85]
s CRISPR/Cas9 BnCRTla BEYA [86]
g CRISPR/Cas9 BnF5H TSR [87]
THIsE CRISPR/Cas9 BnHva22¢ TR SR [88]
i CRISPR/Cas9 BnQCRS TN E ) [89]
HiiEa CRISPR/Cas9 BnRLK902 DAZIR . KR [90]
PN Cas12-SF01 GmALS1/GmALS3 sl [91]
K CRISPR/Cas9 GmTAPI KGRI [92]
N CRISPR/Cas9 GmTCPI9L pNEDG 3] [93]
K CRISPR/CasRx GmHC-Pro KA [94]
B CRISPR/Cas9 CaERF28 HAIIR [95]
FHAL CRISPR/Cas9 CaMLO?2 H e [96]
MG Cas12a/crRNA-RNP CsLOBI NGtz 971

TalCI %5 G oF 2 M4 A R KAE 3 AP0 3 Rl Xa23
() BRI S 6 B Rl xa23 LR B 1 IX I, 77 AR K R bk
F RPN [ A B INFR R T . AR
SRR, HUR RN DX AL R TMV-Cg LA T
P, AN ST TMV-ULAHE. Lide AUCMH4CRISPR/
Cas RGN A FUAF AR IAALE G, N EEHE PP
PEAOE XIS N alata LK B[R R A BE e, FEJR &
S TCEE R R BOd A, WX TMV-U Bk,
HDRA ™ 514 3 R 41 Gt 45 1T DL RS A 3 4 A el R i
Y BARLE LR RS, (HEHDRZEDSBE &K H
FAIRZEACTNHES, K rEfEY) il HDRIG AR T
2R BA PR E. BaG, AR, @i
RIREE WA S FEREL . fARIETRZ NS
T 70 TR A R 4 A VT 31 Cas 9/ Cas 1225 F- BE ] LA
PERTHDRAE S A0 2%, DT $& vy 25 PRI 47 A\ B8R 48 A 3L
SR IN001041 530 s, Ay A1) HD R i 448 S BT 076 2k DR ORS H4E A7
AT HARFE. SepiFse &8, Line A\UOTF % 1
IR A it BT 55 RS 5 (transposase-assisted target-
site integration, TATSD) & 4t, ¥ /K F A9 Pongt JFE B 5
LRI Cas9MCas1 2afl & ik, FEIARGIT AR 25
RIS T AR i A (B 1 (o)), RIHX AP T
CasH MG R EA) 2 R A ], Akt fe
A AEY R A il APT L, ATTIR BT 7EY)
JRE BT ) B .

bR T 3T DSBIW I FH A MU 2 b, B3 g
W AEAETHOCWHTIIARBENZHEL R,
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20204F, i AL i mis s it 22 i A R IO At
FEnCas9 TN, F4IEE 1 S 7Y (14) P FIHHE 1) PR I L DR 58
AR Wd It 5 4% (saturated targeted endogenous mutagen-
esis editors, STEMESs), [A]ifsZBLC-GEIT-A X A-TH|G-C
fR%E . IRAh, FIFISTEMES T H., #F5% A B 5280 T XK
FEOsACCHEER 7 Ak, IR15 T HIBR BRI RL K
FE,  Pi-d21E 5544 1 E IR (144 1M) S BON R
R # (Magnaporthe oryzae)BiPER A1 — A4k
TR AR BES R4, 71 A NEAIDAEME BE i 2, 1
G>ABHMA41D) 5] AWNEPi-d23EH, RN
30.8%, MIEIH] T Pi-d2i(MA4D R}, B H X R
R PP, RS A AR 1 R ROk A5
oAy, Sellik TR g A K RE S AR R A Y
[, AT LSS HAR 8RB 2 A Bl R it LA K /N Fr B ik
FEAREHEAR AR, & — PO o A s B 1Y) 2
HoR. 24 M1k, PEsC IR 32 T 1z H, Ik
P Ao RARME T 3R KA T H. Zong® A7 it
A i S g L R AE 5 | gt a8 rhom A LA R e f1B
PRI REA C R M, e T HAR KR A/NE 2140
D7 R IRARRCR. s R, 765 | S92 i L hih
F, GEAMRS S5 MNePPERGEMLGEGIT R T 5 B 4%
8 T HPrimeRoot, HAf AKCR EENHEI R 2~44%, %5
GiAe KGRI SCE T 11,1 kbEYDNA J BEAZ s i
A. FIFHPrimeRoot R %t, MK FELSNE H (rice ac-
tinl, OsAct)JAshFHSNT, FKFET EHiw 5E K
PigmRKSHHE A B/KAESE R AL b, T 7K R R ARE e 1)
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IUREPLE(E2). N E SR AR AR B 0 2 R AR
o I R PR T R 2 A5 M (single-nucleotide  poly-
morphism, SNP)ZZF51MY, WBsr-d1""™, RODIM™.
XA B AN 6] i b b A A A A 2 8 22 5%, Al
I T 5L X A e e PR A v 77 B i BT
i R AT P TR B R L B R DL A
TP AT R EAR. RTINS HiHERE A R i &, AT L
A | g R A ) PR 4 O [ RS PO R, TR
P P B B TS N RS S U .

1.2 (g ErEHUR IR

KRBT FE K AR NV E D PR SRt T =
YO, (B A RMOL M2 R, MANAAS = T 24
PRI S, FENT TR BT B i 5 BT IR . RN
VAR, X H 3 DR 4 BE AL B8 R 1) 28 A8 7 A — R A
ARG DN, I v 3 RO DA AR A BT IR Y
SERLHEDR. AR AN AR R A ST R D) RE AR AT 5 A
B A —Fh 450, Zhang®: NP & TR L &
A R tE 4 (multiplexed orthogonal base editor,
MoBE) FIBEHLIL £ sgRNAZH 2-H AR . MoBER] LS Hi7E
LA A ABEFICBEL B 4k, A[]sgRNAF
TR (18 B I (AN [) 0 o57 FTAS [R) i e 9 4 5 28 A i
S ER. AT — 4 R T 2T CRISPRIVIEY)
J A7 ) AR AR R, S 40 5 DR 2 4 i o Jo 1)
HFFZ R R SR A AR TR T H 4. LeeSs
AUMIF FHCRISPR/Cas9 & G i g T — 251 HAT A A 43
TFRIEAEILH ) 2R G, 2R B
AT, W, AEER 2R s N TOUL& D
Boranong, HUUI¥EE th 17 AR S i e i 1 e R AR
PR, 3K 7 I g [ V32 DX BB A LA a0 2 A IRV 1)
REMERM R, N TREMRUE T R0 & RS
Zhang® NU'"IIFR T R F TnpBZR It IsDge 107 L
S5 2 H gt T H. KRR Bk, 1sDgel0
WA 2 58 e TR P I8 15%, (Rl e /K R s i ik
H R AR B A H125%, X R IIX RGeS TR K
HRA AL . BRILZ AN, 1Z RS KRE AT
PLSCERZ A A R . X BT TnpBAG A BT
ARG A A EN I TAEY SRS, S EYhiR
Sy ERE KRR gha%s APOEETCRISPR/Cas9
P FNEAS SR RAR T — RAVAFAL L, 38 e R
e — B 12 bl S S (LR RBLIA?, HI 7K
FEOGI ARG | R HH o R P A o 8 2 o S 10 ) 5L

Wbk, HASREIR KRG =5t RBL ISR AR v i
PR, EE e, HAT 2 BN ). xR,
T LR gm i e A S AR B 7, ARSI S i R A o S
N, 0 LRRATR M S 7 B ] Y-, Chen%i A1)
FEST T e B Bh % 22 g% (helicase-assisted  continu-
ous editing, HACE)H 15, i b 15 i e F A o 2 JBi
A, ML SRWIE A, T LASEEE K F1000 bpkF 4
DX S 2R 57 . IR IREE AR A R L B 1 B PR Dy fig 2
ML TR, RIBHBXT ASSAE TRy A R
S, RIS AT RIS SR TR A AT BE.
JRAEHACER A M RAEAEY el R A3 2 0 H, H AR
RhAFgE AN T 138 H, Rk B AT B CREYI PR
o R AU A I E ) g e T L. XS g iy ™
A e SE PR R R R o B A T R,
IR U B E BT B (E2(b)).

1.3 Gt i R EIH TR W]

FEAE Y S IR R AR b, SO DR e P B D R
HIY2F AN N A EH, e IR AR g1 s
R — BRI A KA E W EZ R T,
e o S DR 7R 18 v B 14 1 ) B AR AR 25 AR )
. MLOREN R K IR A, DA Te e S RN K
I B B Ao D) 19974E, BiischgesZE A1
alE T MLOFERH, JKBL T2 H gihid HA 74 B e
MBI 1, FHRH T REMLOS et i B
A RIEEIEH. MLOKEN TN REAE S AR F- A )
R R SR, ZERIREIT . R A4 BUR.
Wi R MR AR R e R R SE R ML O,
HA AR FREEA (B P (B, #E K3 il
FIFTH, MLOZZAE 235 % F 41 B JBE A SR T AL AN 4
M) B AVEFET:. R, mloZ& 7R IR P H Fha e Al
20144F, WangZ: A °F| FHITALENFICRISPR/Cas9 2 4%
) B 7 AR R /N v s B ) R A 34 JER B LML O,
AT T X AR A T R A DU R DB 28 A5 1,
{HEM A K A7 B (), 3K — 7 T R 75 ™ R
T HARAO AR BT R R T S RmloSE AR
R IE AR IR/ N ASRIPRIR, 2 A BA S BA T pE 51— 28
AR Tamlo-R32, A RHEAT 0K A B e s T Y £
RS, TR OB PLTE R R S e it k. I
SRS N U FIHICRISPRAFHR A, 1E/NEE Tk e
AR A FE R 548, AN2~34 H bl ifE 24~/ N &2
AR A RS T RAT IS AR, BRI
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Figure 2 Genome editing technologies for enhancing disease resistance in crops. (a) Insertion/replacement-based genome-editing techniques for
disease resistance. (b) Generation of novel disease-resistance genes via saturation mutagenesis. (c) Multiplexed genome editing strategy to achieve
broad-spectrum disease resistance. (d) Enhance disease resistance in crops through genome editing technologies at the transcriptional and translational
levels. (e) Al-assisted genome editing for enhancing crop disease resistance. Al, artificial intelligence; uORF, upstream open reading frame; EBE,

effector-binding element. Figure created with biorender.com
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SANFIIGPER Y. FEhE S, ¥R 4 NPRIWE T
TLAA B BEA R O, LB IE F i A k1
FEMAEH, CsLOBIRMIE Bz BRI, Sus§
NPT H Cas12a/crRN AR 8 156 ALIRE JRUAE FRfA
KA 1) i BT B SE R CsLOB, I HAE10NH N
T35 & TR I R BT B R ARG &R %At
7 it 2R S AR A 9 [ A b 58 Sh A A G928 S 1 A 1L
e X BERFFTAE R, T 3 DR S AR X S R
SR b B S EHTE S AE K AR R R T Bz —.
PR SR A AR RO FE R, 6 I R e R SEE IR A 1
FARE B G HEA  EL e, BN, /K RS o i R
(Xanthomonas oryzae pv. oryzae, Xoo)iliZTIIHY 43 5
% (type 111 secretion system, T3SS)7EAE )20 4 43 1h %
SIS R ALV F-(transcription  activator-like  effec-
tors, TALESs), 454 /K Fa AT 18 5 (2L N SWEE TS
BT RN 2K 1455 J0 (effector  binding  elements,
EBEs) [, MG X BESELR (15, B KFE .
FEAE ) S SRR R LRI g A rh,  SWEETHEWE %12
PRAUEFE ) 5 B F R, 245 R IR 41
AR, SWEETHER T AE A BRI sl il 2 6T Ha 4
ik, ZakaZe A"UEETTALENS R X OsSWEET1453
B HEBEs#FT/E [ 2248, fii i A TALEs LIk 45 &
AEAR, AT /K AT 1 Al O B B, Rk, XF
9o T BT AR bR s A A SR A T A 1 i it S B AL
PO i) B SR

T BAKE IR g 1 A b, 2o R R DR 4 e ] S 1)
LA, FRAIESEEN A5 s 2R, ] LA [RS8 i A
WYy AN [l S B, VR ) O B R A
G E2(c)). L TRIE PG Rl b 2 5 A,
TR gy e, KR, Lisg AP
CRISPR/Cas9 R Gt dit 48 it o TMS5 . Pi21F1Xal3%E
[N, R4S =5 54 PR, FEBRH X R0 A1 A R BT
P i R AR, Tao%E APOR] BB AR R SHE A
Pi21 . Bsrd1H\Xa5, /KX R JE00 A A A 1)
IR TE. Zhou i N MR 42 KRB T AT
ZERL638S =ANSHEN Bsr-d1 . Pi21FIERF922, Yk T
KA X RIS RN B MRS 22 B HiE. Olivasi A%
IKFESWEETI1I . SWEETI3MISWEETI4=/%:KH A 31+
AEBEX Skt T £ H iR, KA T X2 Xoo: H/N
P ELAT itk (KRR RE. 6/ b, JEiF CRISPR/
CasOFi A [FIF /N3 Ta CIPK 148934 [RIE LN, 35649
T TaCIPK 145875K, FeI X /INE SR 1Y) i

PEPOL [RIREHL,  [FIRFSRAE /N TaMK P13 [A) PR LA,
Tamkp 1 5 VRXT /N2 S5 859 F/INZZ R s B P ] &
s FE KA P, Galli%e A1 i i fICRISPR/
SpCas9 7 4t [ i § 7] 4 48 HvMORC 1 FIHYMORC6a%k
N, 315 T hvmorcl/6a W FEARR, 1257 RFEH H XT
WG ELTE (Blumeria graminis) IRk )] (Fusarium
graminearum)] WEPLPE. LEFEAP, RN BRSIBs S
SIBsSLIEDR STEL T X A TR P B S0 00T O X
St KW, 2 H R GRS TR g U R Y
HER .

L4 JETHORAFEOK V- RAE R B E b
S RIS

FEPH #3857 B FE S KOF FRHIRAKF L, AR
i 32 DR TR 7K B AN R P A AN ) SR R ) e AR Ak, 53X
Xt VRS P2 A R A FRAR MR 2 e V2[R 2(d)).
FHF R Z 2 Koo e, fihsh 7. 5 L
FEH BREEAE (5"-uORF) A K 513 A B X (5 F13'UTRs).
LT CRISPR/Cas9FICRISPR/Cas12a%L [ 4 22 45, Wu
25 L2400 i K REHPP DI 57 L 5L K OsHPPDHY 3 -
UTRX T T 1045007 S 017 i, 3845 T K AG
HPPDIPHI M BRFRIBUER B RNGIFIRNG3RYZRK K
- 5K RS RS P S A G, XuE AU 2R
CRISPR/Cas9F; A 43 5% B~ [F 193 -UTR X 3548 4 7
ik, KI T RNGIFIRNG3HZE Ik K P52 00 25 7K F
Xof RIS AN A AR B, R s s e AR
S5 N A K A, Rt bl DR O
M. HHIE IR KRB (Ralstonia solanacearum) @ PR S
W FE R I RipTALSS G AEARY) Brg 1 13 5 21+ 19
EBE I, 53 T it 5y 8L K Bs4 CLASE T 32 5 Jek
PE. 38 2 35 R g RS 1] Brg 1134 R )R 8 FEBEIX,,
T 2 o B A B BT, B R in B AR MR OE R
migt'2%), FETCRISPR/Cas9Fi AR, LiuZg A7 ) £k
CLEFR:H A shFIX oM 5, RS2 Em &
KPR R, BRILZ A8, s H 8 A i B oK
R SCHURSHEREVE TR e ) B BRI 2 —. Tian
ate J\W28FF %% 7 —F 5L T CRISPRIE A B “uORF A
# Z 4 (CRISPR-aTrE-uORF)”, Hrh 43 4EuORFA: Y
uORF LB FIuORFHRIFLAS FIFIZ RS AT L= AN
[7i) S5 2 B IR ST 2 AR M. ks /K R E BRI A il
fi 5L OsGS2(uORF RS MU, MTypel uORFAEH
Type2 uORFHEIN T X GS209 BRI HIME], # 17K
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S AN PR AR BER BT, A b 2R, %
WS A RA DR R R HR AL T 531 JEL %

L5 NTERfes ik R g erinib i

I RS AR R 1 R A | DR LA S HAZH 225

i, AR ARG R AR, T RE (arti-
ficial intelligence, AD)FUIMNA-S )3k K Gt Ay S BH0RE Vi
SRR TORA TSP AR, RV EAR S
TR IR S A S MR T AN B R .

TIFFE 7 T8 2 SR T3 AP SR PR 422 4 1 MR SCHR o] 42
LRI MR AR 5, TSR RE . e R B8
il BEEEMIRAR 2R, ATZEDL AL 3K DR g R G0
TP T8 A5 A2 S R AU A 2] b HAT ARG A 1 T 7
1O 2(e)). JBE AR 2 1 T RE S A AL A R P A% R
FGREE AR, S e g 1o ] rh B A — 3R
HAp, HADEE XA DNAMZARE B mRNA%
a1k 22 ik (apolipoprotein B mRNA editing catalytic
polypeptide-like, APOBEC) . {1 1755 1) i w5 g it 2 il
(activation-induced cytidine deaminase, AID)ZS 2 & LA
Lo — A X5 AUEDNA /Y B Z B (DA A) # T 42 1k
CBEs, ‘BT FATIR, 55 A 5ok 2 (adeno-
associated virus, AAV )R IET T 2% AR5 PR M.
Huang?: A1 i AlphaF old24fi B (4 28 1[5 25 b4 i
MR I LTI AT D RE R NTERVIR R, 4248
R A8 o 2 I T T PR e, T B A R
ol D I RSN ) SR, SRS THESR A, e EVER T IS BT
PIARIETE. BT & 4 b ifimini-Sdd77E K G R I
o B i AR, g A Y g B AR ST L
mini-Sdd74 10~30fF A ERAETE. I HRHIH ORI
SAA7x R T4, WEN3RG TRE L2 E T
REAARR. XTI TARER 13T N TR R i
FAEHE R THREREASR, XA F T
YEFEH T HE TR, BRILZAh, A SRR g 2 2
ST 1A 3 5 A s B AT 1) R R AR TRe 7 A s
IR BRI, WF9% 4 7138 1 ATAC-seq(assay for trans-
posase-accessible chromatin using sequencing). MNase-
seq(micrococcal nuclease digestion with deep sequen-

cing), ChIP-seq(chromatin immunoprecipitation sequen-

cing) FU 3T M TTAF 2 #25 1T PR 15 528 A 3,
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2 Je#d
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AR, R RE AP ELAR = AR 55T,

HERFAS AN TR = B R S A &
AN SR, XSGR AR I % ) BRI e
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Plant diseases significantly reduce crop yield and quality, threatening global food security. Cultivating disease-resistant
crops is essential for environmentally friendly disease control and food security. Thus, to enhance crop disease resistance,
particularly broad-spectrum disease resistance (BSR), is vital for sustainable agriculture. Disease-resistance (R) genes
encoded by pattern recognition receptors (PRRs) and nucleotide-binding leucine-rich repeat receptors (NLRs) confer BSR
to a range of pathogens in plants. Additionally, atypical R genes, which do not encode immune receptors, often exhibit race
non-specific and multipathogen resistance without yield penalty in crops. Understanding the underlying mechanisms of
plant immunity, including pattern-triggered immunity (PTI), effector-triggered immunity (ETI) and atypical R gene-
mediated immunity, provide new strategies for breeding disease-resistant crops. Over the past decade, genome editing has
played an increasingly important role in crop breeding. Genome editing tools, such as diverse CRISPR/Cas systems, base
editors, prime editors, and their derived tools, have proven highly efficient in generating single nucleotide polymorphisms
(SNPs), insertions and deletions (InDels), substitutions, and large fragment deletions. These tools have significantly
advanced functional genomics studies, particularly in the cloning, characterization, and engineering of BSR genes. They
have also provided a wide range of strategies for enhancing disease resistance in crops. In contrast to traditional crop
breeding approaches that rely on screening natural genetic variation and combining elite traits through cross-breeding,
genome editing has significantly broadened the genetic diversity available for breeding disease-resistant crops and fostered
innovation for disease resistance in crops. This advancement enables research on disease resistance in crops to break
current barriers and progress to the next generation.

In this review, we briefly introduce the principles and recent advancements of various genome editing tools. In addition,
we provide examples of disease resistance achieved through CRISPR/Cas systems in multiple crops, such as rice, wheat,
barley, maize, potato, tomato, soybean, pepper, cotton, and citrus. We then highlight diverse strategies employed to achieve
disease resistance, for example, targeted insertion or replacement for disease resistance, saturation mutagenesis for elite R
alleles, multiplexed genome editing of disease-susceptibility (S) genes for BSR, transcriptional and translational control of
R and S genes for balancing between crop growth and immunity, and artificial intelligence (Al)-guided genome editing for
precise editing, which accelerates the molecular breeding strategies for obtaining novel R alleles and generating disease-
resistant crops. We also emphasize the potential applications of advanced genome editing tools in precisely introducing
diverse R genes into crops for disease resistance in the future. Finally, we discuss the attitudes and principles of relevant
domestic and foreign policies on the application of genome-edited crops. In summary, using genome editing strategies
makes it possible to develop crops with durable and broad-spectrum disease resistance and promote sustainable agriculture
in the future, ultimately contributing to global food security.

genome editing, plant immunity, broad-spectrum disease resistance, Oryza sativa, Triticum aestivum L.
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